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Abstract 
Nanodiamond–Polymer Composites 
Ioannis Neitzel 
Advisor: Dr. Yury Gogotsi 
Due to their favorable strength to weight ratio and low friction coefficients, polymer 
composite materials find numerous applications in structural, tribological, biomedical, sports 
and other industries. A nanocomposite by definition contains a filler smaller than 100 nm in one 
of its dimensions. At these small length scales, the specific surface area becomes large and 
polymer-filler interactions become increasingly important, changing polymer properties in the 
vicinity of the surface and forming a new phase called the “interphase”. Tailoring the properties 
of the interphase holds the greatest potential for obtaining new or improved properties. 
The small 5 nm diameter of detonation nanodiamond (ND) particles, in combination with 
their superior mechanical properties (diamond properties) and rich surface chemistry, makes ND 
an optimal candidate for reinforcing polymer matrices. However, previous studies on polymer-
ND composites are controversial: both significant increases and decreases in properties were 
reported. Reasons for these discrepancies are unclear, while understanding reinforcing 
mechanisms is true key for further progress in this field. 
Reinforcing effects of ND on polymers were systematically studied on various polymer 
matrices in this work. For thermosetting polymers, the effects of as-received and functionalized 
(aminated) ND-NH2 on the mechanical and tribological properties were investigated and 
demonstrated the advantages of covalent incorporation of ND into the structure of epoxy, 
resulting in a strong nanofiller-matrix interface. Multifunctional composites can be designed as 
well: in the case of an epoxy matrix, ultimate mechanical reinforcement was achieved by using 
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high loadings of ND powder, along with an increased thermal conductivity and reduced friction 
coefficients. 
To reinforce a thermoplastic biodegradable polymer, poly(L-lactic) acid (PLLA), ND’s surface 
was hydrophobized by grafting octadecylamine to match this hydrophobic polymer, resulting in 
an improved dispersion of ND in the matrix and better mechanical properties, along with 
biocompatibility and fluorescence. 
Several complementary mechanical characterization techniques including pin-on-disk, 
nanoindentation, Vickers, tensile, compression and AFM test were used to study the reinforcing 
mechanisms of ND. Results were compared with computer models. 
This research provides new insights in the reinforcing mechanisms of ND in polymer 
matrices. The findings allow for a new design of polymer nanocomposites, showing the potential 
of nanocomposites and suggest that further research efforts must focus on the uniform 
dispersion and de-agglomeration of ND in polymer matrices. 
  
1 
 
 
1 Introduction 
The principle of composite materials is well known and omnipresent in nature. Plants and 
bones are designed on the principle of fiber composites [1]. However, humankind only recently 
started to take advantage of this design: the field of engineering composite materials evolved in 
the 1960s due to the need for lighter and stronger materials when compared to traditional 
structural materials such as metals and wood [2]. The combination of light polymer matrices 
with the properties of various fillers results in excellent strength-to-weight ratios of polymer 
composites [3]. Naturally, the filler properties themselves have a major influence on the 
composite properties. Also, they are fairly easy to process and can thus increase productivity 
and reduce costs of products [2]. 
Today, polymer composite materials are part of everyday life. Common examples include 
fiber reinforced polymer matrices such as carbon- and glass-fiber-epoxy composites, having 
Young’s moduli of up to 150 GPa [4, 5]. Typical applications for these glass- and carbon-fiber-
polymer composites are structural parts for the aerospace [3], boating [6], sports [7] and the 
automotive industry [5]. Also, hardness, stiffness and fracture toughness of non-continuous 
polymer-particulate composites is improved [8]. Examples are biodegradable polymers such as 
polyvinyl alcohol (PVA) and polylactic acid (PLA) that are used in biomedical applications [9, 10]. 
To fore fill future challenges placed on materials, such as being energy efficient (even 
stronger and lighter) and multifunctional, significant research efforts have been made to 
develop polymer nanocomposites. Depending on the nanofiller features, composite properties 
(such as the mechanical, electrical and thermal) can be improved. For example: To increase 
mechanical properties of polymer composites, carbon nanotubes, having a high Young’s 
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modulus [11], were incorporated into polymer matrices [12-14]. Furthermore it is possible to 
obtain properties that are not found in the constituent materials due to the formation and large 
content of interphase material forming around the nanofillers. Also, multifunctional materials 
can be designed by using fillers with various properties or combining nanofillers with the desired 
properties [15, 16]. 
However, current results are far below expectations [17, 18]. To some extent, this can be 
explained by the non-optimal properties of the fillers used in previous studies. General 
challenges related to design and processing of nanocomposites such as improving nanofiller 
dispersion quality, interface strength, properties of the interphase, etc. are thought to be the 
main cause for the apparent underperformance of many nanocomposites [17-20]. 
Nanodiamond produced by detonation synthesis in large commercial quantities [21] 
represents a perfect nanofiller for many composite applications. It is made of small and uniform 
particles of ~5 nm in diameter which have a large and accessible surface area and a rich and 
tailorable surface chemistry [21-23]. It has many of the unique properties of bulk diamond, 
including superior thermal conductivity, hardness, and Young’s modulus, high resistivity and a 
high refraction index to name a few [24]. Surprisingly the number of publications on 
nanodiamond-polymer composites is low compared to work done on carbon nanotube polymer 
composites. This work focuses on the optimization of nanodiamond for applications in polymer 
matrices and gives new insights on how this nanomaterial can significantly improve the 
properties of polymers. 
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2 Literature review 
2.1 Introduction to polymer nanocomposites – Potential & 
Challenges 
Polymer nanocomposites (PNC’s) are a subclass within polymer composite materials. The 
basis of PNC design is not new. The importance of a strong interface and presence of an 
interphase was discussed in previous studies [25], addressing the reinforcing effects of fibers 
[26] and particulates [8] on polymer matrices. 
To understand and optimize these polymer-filler interactions the boundary region of for 
example, carbon-fibers embedded into epoxy were studied [27]. AFM studies revealed that the 
properties of the polymer in the vicinity of the embedded fibers indeed differ from the 
properties of the actual polymer matrix [28], forming a third phase in the two-phase polymer–
filler system. This phase, called the “interphase”, exists in both, micro- and nanocomposites, and 
is present in particulate and fiber based composites (Figure 1). To insure good load and heat 
transfer from the polymer matrix to the filler, a strong interface between the particle and the 
interphase is required (Figure 1). 
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Figure 1: Specific surface area (SSA) as a function of particle diameter. As the particle diameter 
decreases, the amount of interphacial material increases. For optimal mechanical properties, a 
strong interface, which transfers load from the filler to the interphase and polymer matrix is 
mandatory. Composites containing particles smaller than 100 nm fall into the subclass of 
nanocomposites [29]. 
In contrast to a microcomposite, a nanocomposite is a multiphase material, in which one of 
the phases has a dimension of less than 100 nanometers (nm), or the composite phases have 
nano-scale distances between them [30]. Hereafter, we will consider only polymer matrix 
composites with nanoparticles (fillers). The small size of nanofillers results in a large surface 
area, thus increasing the amount of polymer in contact with the filler. When the volume content 
of the nanofiller is large enough, the interphase becomes the dominant phase in the composite 
(Figure 1). Therefore, controlling the properties of the interphase holds great potential for 
tailoring the properties of the nanocomposite and can result in a whole new set of properties, 
which are not found in the individual components. It should be pointed out that the impact of 
the interphase on the overall composite properties is tremendous and can lead to dramatic 
increases or decreases depending on the interaction between the nanofiller and the polymer 
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matrix. Also, depending on the material selection, PNCs can be used for various applications - 
ranging from mechanical [31] and electrical [32] to optical ones [33]. Furthermore, 
multifunctional composites can be designed by using fillers with multiple properties or 
combining various fillers having the desired properties [34, 35]. 
However, numerous obstacles need to be overcome before it becomes possible to take full 
advantage of nanofillers in PNCs. One of the major challenges lies in achieving a uniform 
dispersion and minimizing the agglomeration of the nanofillers [36]. On the one hand, 
agglomeration depends on properties of the dispersant, such as its viscosity and chemical 
structure. On the other hand, particle properties largely effect dispersion and agglomeration, 
where particle size, their surface charge and chemical structure are key factors [37]. Surface 
charge and the chemical structure determine agglomerates size, which directly effects the 
percolation threshold [38]. All these factors influence each other, making the design of 
nanocomposites a challenge, while holding great potential at the same time. In general the 
different states of dispersion and agglomeration can be subdivided into the following groups: i) 
uniform dispersion (Figure 2 a), ii) a random dispersion (Figure 2 b), iii) a clustered random 
dispersion (Figure 2 c) and iv) an agglomerated dispersion (Figure 2 d). Uniform and random 
dispersions are desired since this state allows one to take advantage of the large surface area of 
nanofillers. Clustered and agglomerated dispersions are not desirable since the properties of 
agglomerates and clusters can be significantly different from the filler properties, and depend 
on the interparticle interactions [39, 40]. At a critical agglomerate size, agglomerates can act as 
voids which do not allow infiltration by the polymer matrix. Although this feature can 
sometimes be beneficial, for most applications, the agglomeration of nanofillers is not desirable, 
since it compromises the distinctive advantages of nanoparticles as compared to their 
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micrometer sized counterparts. However, it should be pointed out that nanofiller agglomerates 
might be useful, for example, as carriers for solvents, possibly resulting in self-healing polymer 
composites [41]. 
 
Figure 2: Possible dispersion and agglomeration states in polymer nanocomposites [42]. a) and 
b) Uniform and random dispersions are desired since this state allows to take advantage of the 
large surface area of nanofillers. c) and d) Clustered and agglomerated dispersions are undesired 
since the properties of agglomerates and clusters itself can be significantly different from the 
filler properties itself. 
2.1.1 Polymer nanocomposite - theories and models 
Several factors limit the use of polymers in engineering applications. First, due to their low 
thermal stability, applications of polymers are typically limited to temperatures below their glass 
transition temperature (Tg). Nanofillers can improve the thermal stability as discussed later on. 
Also, for many applications the mechanical properties themselves are of interest. Due to their 
excellent mechanical properties, nanofillers such as carbon nanotubes (CNTs’) [43], nanosilica 
[44] or nanotitania [45] are used as mechanical reinforcements. 
However, before designing nanocomposites, models that allow for predicting mechanical 
properties and using theories that describe the effect of surface functionalization on the state of 
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dispersion can be helpful. These models and theories can be used to select materials that match 
the requirements of the specific application. 
Models predicting the Young’s modulus of particulate reinforced polymer composite, being 
one of the most important mechanical characteristic of a material, are based on the rule-of-
mixtures [8]. Some of these models account for factors such as the interface between polymer 
and filler (Figure 1) [46]. However, to include effects such as a random dispersion and 
agglomeration as discussed above, more sophisticated models are mandatory. These models are 
mainly based on finite element modeling (FEM) techniques [47]. Theories addressing polymer-
nanofiller interactions and the effect of chemical functionalization of nanofillers to achieve 
uniform dispersion are also available [48-50]. 
The following section gives an overview of nanocomposite theories, describing the effect of 
surface functionalization on dispersion, and models used for predicting Young’s modulus of 
polymer nanocomposites. 
2.1.1.1 Theories and modeling of polymer nanocomposites 
It is critical to obtain homogenous properties in PNCs’ dispersion. A uniform dispersion 
(section 2.1) maximizes the amount of interface and interphacial material, enabling to take full 
advantage of the nanofiller properties. The key to achieving a uniform dispersion of nanofillers 
lies in overcoming attractive interactions between nanofillers and selecting a compatible 
polymer matrix [48]. Also, it is suggested to optimize the ratio between nanofiller diameter and 
polymer-monomer diameter. Furthermore, the surface functionalization should be selected in 
such a way that the cohesive interaction energy between single nanoparticles and polymer 
chains is large enough to attach to each other, but not large enough to associate with multiple 
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particles [48-50]. A more general procedure suggest to select nanoparticle size and the polymer 
radius of gyration in such a way that their ratio is close to 1 [51]. In practice, the surface 
chemistry and functionalization of nanofillers can be modified in such a way that repulsive 
interactions between the nanoparticles occur, which for example, can be achieved by grafting 
polymers to nanofillers (section 3.1.2.3 and 3.1.2.4) [52]. By combining both approaches and 
thus selecting an appropriate nanoparticle size, a matching surface chemistry and grafting 
density, the state of dispersion can be controlled in such a way that connected sheets, strings 
and eventually single dispersed particles can be obtained (Figure 3) [53]. 
 
Figure 3: By controlling nanoparticle grafting density and chain length, four distinct 
morphologies can be obtained: compact objects, sheets, interconnected objects and single 
dispersed particles [53]. 
Besides these theoretical considerations, addressing nanofiller dispersion, computer 
modeling techniques can be used to predict the mechanical properties of PNC’s. These models 
relate the molecular structure of the polymer, properties of the filler and their interactions with 
the mechanical properties of the composites [54, 55]. However, these models are quite 
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complex, considering numerous physical effects ranging from quantum mechanics to 
macroscopic effects (such as nanofiller dispersion and agglomeration), making them both time 
and money consuming and were not used in the context of this work. 
Due to the complexity of PNCs it is essential to perform experimental research, where 
properties of the polymer, nanofiller, the composite itself, and the nanofiller-polymer 
interphase are measured. These data can then be used to directly design PNC’s, as an input for 
FEM models to further optimize the PNC properties, or can be utilized to improve these models. 
To predict macroscopic properties based on experimental data various models were used in this 
work and are explained in more detail in section 2.1.1.2. 
2.1.1.2 Predicting Young’s modulus of polymer nanocomposites 
To predict the Young’s modulus of PNCs, various models are available. The most common 
and intuitive model is the so called “Rule-of-Mixture”. However, this model was developed for 
continuous, fibrous composites and due to its simplicity, is inaccurate. To improve accuracy and 
consider particulate reinforcements, various models were developed on its basis. Furthermore, 
to model multiphase composites and consider effects such as the strength of the interface, 
nanofiller agglomeration and dispersion, FEM models were developed. The following sections 
describe models used in this work. 
2.1.1.2.1 Predicting composite Young’s modulus using different models 
Young’s modulus of fibrous continuous composites can be calculated in two major loading 
conditions of iso-strain and -stress, when using the simple Rule-of-mixtures. In the “iso-strain” 
condition the displacement in the composite is same in the matrix and fiber, the load being 
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applied in the same direction as the fiber orientation. In the “iso-stress” condition, stress is 
assumed constant in both phases, the load being applied perpendicular to fiber orientation 
(Figure 4 a). The “iso-strain” (Voigt) condition is also referred to as the “upper bound”, where 
the “iso-stress” (Reuss) condition is referred to as the “lower bound”. The Young’s modulus for 
both loading conditions can be calculated using equation 2.1 (upper bound) and 2.2 (lower 
bound) [56, 57]. In equations 2.1 and 2.2, Ec represents the composite Young’s modulus, Ef/m is 
the Young’s modulus and Vf/m is the volume fraction of the filler and matrix, respectively. 
 
c f f M ME = V E + V E  2.1 
 
c
m f
m f
1
E = V V
+
E E
 
2.2 
For the non-continuous case, such as particulate or short-fiber reinforced composites, the 
Young’s modulus predicted by the lower bound is closer to the actual value than values 
predicted by the upper bound. For short fiber composites more precise predictions can be 
obtained using the “Halpin-Tsai” model, in which additional factors account for the interphacial 
strength and fiber orientation [58]. 
For particulate reinforced composites numerous models are available and are summarized 
in [8, 59, 60]. The “Lewis-Nielsen” model [46] is used in this work and is based on the Kerner 
equation [8]. This model was further modified by McGee and McCullough [61] to consider the 
strength of the interface (Figure 4 b). To apply this model the following equations need to be 
used: 
 E f
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f
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In equation 2.3 Ec and Em are the composite and matrix Young’s modulus, where Vf is the 
filler volume fraction. The strength of the interface is described by the Einstein coefficient kE. For 
polymer matrices with a Poisson’s ratio ≤ 0.5, kE = 0.867 for a weak and kE =2.167 for a strong 
interface. The constant, ß, considers the mismatch in Young’s modulus between the particle and 
matrix, and is calculated using equation 2.4. In equation 2.4 Ef is the modulus of the filler. The 
coefficient µ in equation 2.3 is calculated using equation 2.5 and depends on the maximum 
achievable volume content of filler and thus on its shape. For example, for perfectly spherical 
particles Vmax = 0.74 (closest packing of equal spheres) and will be lower for non-spherical 
particles. 
Even though these models can give somewhat more accurate predictions, they fall short in 
modeling multiphase composite materials. Considering that nanocomposites can contain large 
amounts of interphacial material (Figure 1), introducing a third phase, calculations can be 
misleading. Significant differences between the experimentally measured and predicted Young’s 
moduli can occur (section 2.4.1). 
A common model for multi-phase composites is the Mori-Tanaka model [60, 62, 63]. After 
determining the properties of the composite experimentally, the interphase properties can be 
calculated if the properties of the matrix and filler are known. However, the Mori-Tanaka model 
considers a random distribution of the phases within the composite (Figure 4 c). Interactions 
between the filler, the interphase and matrix are not considered, again introducing inaccuracies. 
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To account for the spatial distribution and interface strength between the different phases, 
FEM models can be used (Figure 4 d). For example, a FEM model developed by Liu et al. is 
based on the Mori-Tanaka model, and accounts not only for the spatial distribution of the 
phases, but also considers the strength of the interface between the different phases [64]. 
Another FEM model developed by Spanos and Kontsos [47] is introduced in more detail in 
section 2.1.1.2.2. This model was used in this work and accounts for agglomeration and 
dispersion of nanofillers. 
 
Figure 4: Comparison of models used to predict the Young’s modulus of composites. a) The Rule-
of-Mixture is applicable for composites reinforced with continuous fibers. b) The Lewis-Nielsen 
model, which is based on the Kerner equation, considers the strength of the interface. c) A 
common model for multi-phase composites is the Mori-Tanaka model. The spatial distribution of 
the reinforcement is not considered. d) To take the spatial distribution and interface strength 
into account, FEM models are used. 
13 
 
 
2.1.1.2.2 Young’s modulus in dependence of dispersion and agglomeration 
To further improve the accuracy of an FEM based model, a micromechanics homogenization 
method (MHM), developed by Spansos and Kontsos, based on the Mori-Tanaka approach [62, 
63] was coupled with an agglomeration model [47, 65] and is used in this work. TEM images are 
evaluated to qualitatively assess the state of filler/ND dispersion and agglomeration. For this 
purpose, the following parameters were defined: i) the ratio 
 , 2.6 
where  is the size of a selected region in a TEM image and  is the characteristic length 
of observed agglomerates, ii) the filler/ND vol.% 
 
, 2.7 
where  is the volume occupied by the filler/ND and  is the volume of the selected 
material region (MR), defined according to the concept of the representative volume element in 
mechanics that can be used to compute effective material properties [66-68], and iii) the aspect 
ratio of the agglomerates 
 
, 2.8 
where  is the width of an agglomerate (Figure 5). 
The approach followed to obtain a valid MR for an effective mechanical properties 
computation is based on creating subdivisions within an actual image and calculating the size in 
which morphological/compositional parameters, such as the and/or local mechanical fields 
(e.g. stiffness tensor), approach, within some given tolerance, the corresponding parameters 
determined experimentally [69]. 
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To apply the MHM by using the described image analysis, the volume occupied by the 
filler/ND in the defined MR is assumed to be a sum of two parts, i.e. 
 . 2.9 
Therefore, on the one hand filler/ND reinforces the matrix creating a so called 
modified/hybrid matrix, while on the other hand, the remaining filler/ND forms the 
agglomerates. In addition, if 
 , 2.10 
where  and are the volumes occupied by the modified/hybrid matrix and the 
agglomerates, two additional microstructural parameters, the agglomeration index  and the 
dispersion index  can be defined following the model used by Spanos and Kontsos [47, 65]: 
 
, 2.11 
where  represents the volume occupied by filler/ND in . When , 
filler/NDs are uniformly dispersed in the matrix, whereas agglomeration increases as  
decreases. When  approaches the value of 1, the spatial distribution of filler/ND becomes 
more heterogeneous, representing a stage in which most filler/ND particles tend to agglomerate 
rather than disperse in the polymer matrix. To compute effective Young's moduli with the MHM 
we assume that: i) the shape of the agglomerates is ellipsoidal with an aspect ratio  defined 
by equation 2.8, and ii) the filler/ND and polymer matrix are isotropic; the same applies to the 
agglomerates due to completely random distribution of filler/ND within them. Using these 
assumptions the composite can be modeled as a 2-phase composite. To calculate effective 
Young's modulus values, the MHM computes the stiffness tensors of: i) the agglomerates that 
consist of matrix reinforced with an amount of filler/ND equal to 
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 , 2.12 
ii) the hybrid matrix which consists of the matrix reinforced by an amount of filler/ND equal 
to 
 , 2.13 
and based on these calculations iii) the 2-phase composite consisting of agglomerates 
dispersed in the hybrid matrix. 
Besides these parameters used to evaluate the state of agglomeration and dispersion, the 
following parameters are required in the MHM model: i) the according Poisson’s ratios and ii) 
matrix, filler and agglomerate Young’s moduli. Values such as those of the polymer matrix and 
filler, can be found in the literature. Unknown properties such as Young’s modulus of filler-
agglomerates can be determined experimentally as described in section 4.1.3.2 for epoxy-ND 
composites. 
 
Figure 5: Microstructural features used in the MHM. The material region (MR) is defined 
according to the concept of the representative volume element. The values of d, w and L 
represent the diameter and width of agglomerates, L defining the size of the MR volume 
element. MRV  is the volume of the selected material region MR, where hybridNDυ  and 
agglomerate
NDυ
define the volume concentration of ND/filler contained in the hybrid matrix and ND/filler 
agglomerates. 
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2.1.2 Recent developments in polymer nanocomposites 
Polymer nanocomposites were extensively studied over the last couple of years. Nanoclay, 
nanosilicia, nanotitania and carbon-nanotubes (CNT’s) are probably the most common fillers 
used in PNC’s [70, 71]. There are numerous applications for PNC’s: car components in the 
automotive industry [72], as advanced [73] and multifunctional materials [15] for heat pipes and 
medical applications [74]. Due to their good mechanical and tribological properties they can 
even replace traditional materials such as titania, broadening the application of polymers in 
engineering applications [75, 76]. Also, properties such as the thermal [77], electrical [78] and 
optical properties can be modified by using nanofillers [79]. 
Still, current properties of PNC’s are far below expectations [80]. To some extent, this can be 
explained by the non-optimal properties of the fillers used in previous studies. However, general 
challenges related to the design and processing of nanocomposites such as improving nanofiller 
dispersion, interfacial and interphase strength are limiting the performance of many 
nanocomposites [81]. 
Chemical functionalization of nanofillers, as shown in Figure 6 for CNTs, is a promising 
approach to overcome these challenges [82]. Strong interfaces between functionalized 
nanofillers and polymer matrices result in improved mechanical properties [13]. At the same 
time functionalization of nanofillers effectively reduces agglomeration [12]. Also, controlling the 
properties of the interphase is of highest importance, where for example the amount of 
crystalline polymer, having higher mechanical properties than the amorphous polymer matrix, 
increases due to nanofiller addition [83]. 
In summary, significant progress in PNC design was achieved over the last couple of years. 
However, until today performance of PNC’s is far below expectations [80]. The aim of this study 
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is to investigate the reinforcing effect of a fairly unknown, but highly promising nanofiller called 
nanodiamond (ND). Its exceptional properties, as described in more detail in section 2.3.1.3, 
have the potential to raise the properties of PNC’s to a new level. The objectives of this work are 
outlined in section 2.6. 
 
 
Figure 6: Various types of surface functionalization exist, here schematically shown for CNTs. 
Depending on the application, an appropriate functionalization needs to be selected. a) defect-
group functionalization, b) covalent sidewall functionalization, c) noncovalent exohedral 
functionalization, d) noncovalent exohedral functionalization [82]. 
2.2 Polymer matrices 
Depending on their molecular structure polymer matrices are subdivided into three 
categories: thermoplastic, elastomeric and thermosetting. The following section briefly states 
the differences between these subgroups, where the interested reader is referred to literature 
for more detailed information [84, 85]. To investigate the reinforcing effect of ND on polymer 
matrices, thermoplastic and thermosetting polymer matrices were selected for this study. 
2.2.1 Thermoplastic and elastomeric polymer matrices 
The most common polymer matrices belong to the subclass of thermoplasts and are often 
referred to as “plastics”. Thermoplasts can be melted, which is a desired property for numerous 
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processes. Most thermoplasts are semi-crystalline, where the degree of crystallinity can often 
be adjusted by modifying their chemical structure and processing conditions [86, 87]. Besides 
the degree of crystallinity, mechanical properties depend on their molecular weight and 
chemical structure. Common examples of thermoplasts are polyethylene, heavily used as a 
packaging material, or Nylon used as a synthetic fiber [84]. Common biodegradable 
thermoplastics are PVA [88] and PLA [89]. 
Elastomers are a sub-class within thermoplasts, the major difference being the existence of 
crosslinks between the polymer chains. An elastomer is defined as a cross-linked, amorphous 
polymer above its Tg [90]. Elastomers are heavily used in the automobile industry as tires, 
breaking systems, chassis and interior parts [91]. 
In the context of this work the thermoplastic polymer matrix Poly(L-lactic acid) (PLLA) was 
studied. Results are described in section 4.2. 
2.2.2 Thermosetting polymer matrices 
Thermosets have the highest mechanical properties among polymers. They commonly 
consist out of two components, the first one is called the resin and the second one, the curing 
agent. Depending on their molecular structure, the properties of thermosets can be adjusted. 
The major difference between thermosets and elastomers is the higher cross-linking density of 
thermosets. A typical example of a thermoset is epoxy [92, 93], being used in the automotive 
[72] and aerospace industry [3] as a matrix material for carbon-fiber composites or as an 
adhesive material [94]. The effect of ND on the properties of epoxy used in this work is 
described in detail in section 4.1. 
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2.3 Nanofillers for polymer composites 
There exist numerous nanofillers, where one can distinguish between 0-, 1- and 2-
dimensional fillers (Figure 7). Zero dimensional fillers have nanometer dimensions only. 
Accordingly, 1- and 2-D fillers have dimensions larger than 100 nm in 1 and 2 dimensions. To 
improve fracture toughness, it is common to use 2D fillers such as multilayered nanoclay [95]. 
New 2-D fillers such as graphene (section 2.3.1.2) and MAXene (Ti3AlC2) [96] are available 
and hold great potential for nanocomposites design. Stiffness and wear resistance of polymer 
matrices is enhanced due to the addition of inorganic, spherical (0D) fillers such as nano-silica 
[97, 98] or titania [45]. The diameter of these spherical fillers typically lies in the range of 20-100 
nm. 
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2.3.1 Carbon nanomaterials as fillers 
In the last two decades carbon nanomaterials have attracted a lot of attention due to their 
unique properties. Examples include 2D (graphene), 1D (carbon nanotubes) and 0D 
(nanodiamond) carbon nanomaterials introduced in the following sections (Figure 7) [21, 99]. 
 
Figure 7: Definition of nanofiller dimensions: a) 0-D nanofillers have zero dimensions > 100 nm. 
For example, spherical particles with a diameter < 100 nm are considered 0-D fillers 
(nandiamond (ø < 100 nm)). b) 1-D fillers feature 1 dimension > 100 nm. For example, CNTs can 
be as long as 1000 nm, having diameters < 100 nm. c) 2-D fillers have dimensions > 100nm in 
two directions. A typical examples is graphene, having an atomic thickness, but in plane 
dimensions above 100 nm in the X- and Y-direction. 
2.3.1.1 Carbon Nanotubes (CNTs) 
Since the discovery of Carbon Nanotubes (CNTs) in the early 1990s [100], carbon 
nanomaterials have attracted a lot of attention. There exist various kinds of CNTs: depending on 
their chirality, single walled CNTs can be metallic or semiconducting [101]. Also, CNTs can have 
multiple walls. Such structures (MWCNT’s), are metallic [102]. Due to their unique properties, 
such as a high stiffness e.g. 1 TPa [103] for single walled CNTs and values of 270 – 950 GPa for 
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multi-walled CNTs [11] and a high aspect ratio, CNTs are a promising material for reinforcing 
polymer matrices [14, 58, 104-106]. However, due to poor dispersion and weak interfaces 
between the CNTs and the polymer matrix, properties of these composites are below 
expectations [80]. Functionalization of CNT’s can improve the load transfer. However, at the 
same time the molecular structure is disrupted resulting in a degraded stiffness [77, 107]. 
2.3.1.2 Graphene 
After being the topic of the chemistry Nobel Prize awarded in 2010, graphene is probably 
the most famous carbon nanomaterial of our century. Having a high in-plane stiffness [108] and 
excellent electrical properties [109], future applications of graphene in polymer composites [35] 
and electrical devices are promising [110]. To take full advantage of graphene, its exfoliation is 
critical and research efforts are ongoing in this field of study [111]. 
2.3.1.3 Nanodiamond 
ND produced by detonation synthesis is made of small and uniform particles of ~5 nm in 
diameter and features a large and accessible surface. Having many of the unique properties of 
bulk diamond, including superior thermal conductivity, hardness, and Young’s modulus, high 
resistivity and a high refraction index [24], it is a promising material for various applications. 
Doping of ND with Boron increases the electrical conductivity [112], or makes ND red 
fluorescent when N-defects are introduced [113]. 
Another distinct feature of ND compared to carbon nanotubes and other carbon 
nanoparticles is the presence of a large number of different functional groups, terminating the 
surface of a ND particle [24]. The layer of surface functional groups is an intrinsic feature of this 
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material. Surface chemistry of ND is rich and surface functionalization of ND can be performed 
to any extent without compromising the useful properties of the diamond core (section 
2.3.1.3.1). Therefore, our ability to control and tailor the surface chemistry of ND is of 
paramount importance [22, 24]. And vice versa, without being properly taken into account, the 
surface chemistry of ND may lead to detrimental side-effects in many of its applications. For 
example, strong aggregation of ND could be in part due to the interactions between the surface 
functional groups of ND [114-116]. Most researchers now agree that after oxidative treatment 
used for purification, ND has primarily oxygen-containing functional groups terminating its 
surface [22-24, 114, 117] as evidenced by IR and Raman spectra [118]. Negative zeta potentials 
and a higher dispersion stability in aqueous solutions at basic pH [119] also indicates the 
presence of carboxylic groups on the surface of ND. However, the number of carboxylic and 
other functional groups on the surface of NDs subjected to different purification procedures is 
still to be precisely measured. Besides controlling the amount of surface functional groups, it is 
of outmost importance to minimize the amount of non-diamond carbon. It is well known that 
as-received nanodiamond soot contains large amounts of sp2 carbon, partly covering the ND 
surface. Thus, the surface of as-received ND consists of a mixture of non-diamond carbon and 
various functional groups as shown schematically in Figure 8, and needs to be purified prior to 
surface functionalization, also explained in more detail in section 2.3.1.3.1. Depending on the 
ND supplier, the surface morphology and functionalization can significantly vary, further 
underlining the importance to purify ND material to insure consistent material properties. 
To benefit from NDs unique properties, polymer matrices can be used to carry ND. Recent 
advances in this field of research are described in section 2.4. 
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Figure 8: a) Schematic model illustrating the structure of a single ~5-nm nanodiamond after 
oxidative purification. The diamond core is covered by a layer of surface functional groups, which 
stabilize the particle by terminating the dangling bonds. The surface can also be stabilized by the 
conversion of sp3 carbon to sp2 carbon. A section of the particle was cut along the amber dashed 
lines and removed to illustrate the inner diamond structure of the particle. b) and c) Close-ups of 
two regions of the nanodiamond. b) The sp2 carbon (shown in black) forms chains and graphitic 
patches. c) The majority of surface atoms are terminated with oxygen-containing groups; oxygen 
atoms are shown in red, nitrogen atoms in blue. Some hydrocarbon chains (green (a colored 
version of this schematic can be found in the according reference), lower left of a),c) ) and 
hydrogen terminations (hydrogen atoms are shown in white) are also seen [24]. 
2.3.1.3.1 Surface treatments for nanodiamond 
Purification of nanodiamond. To purify ND detonation soot, commonly two subsequent 
purification steps are applied. First, an air oxidation treatment is applied, allowing for the 
precise control of the sp2/sp3 carbon ratio [117]. This study suggests annealing of ND containing 
detonation soot at a temperature of 430 °C for 5 h in air to remove almost all sp2 carbon. 
In a next step an acid treatment is applied to remove non-carbon impurities such as metals, 
metal oxides, and other impurities originating from the detonation chamber or the explosives 
used for the synthesis itself. Common acid treatments consist of mixtures of different acids and 
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water [21, 120-122]. Besides removing impurities, acid treatments also introduce oxygen 
containing functional groups that can be used for further surface functionalization of ND. The 
types and contents of functional groups differ for NDs. To a large extent it depends on the 
history of the sample, i.e. on how it was produced, purified, modified, etc. Therefore, careful 
qualitative and quantitative characterization of ND is of outmost importance for successful 
development of its applications. The mentioned purification techniques can be used to ensure 
consistent material properties. 
Functionalization of nanodiamond. For optimal performance of ND in its applications it is of 
outmost importance to select an appropriate surface chemistry. The variety of available 
chemical modification techniques can be divided into gas and wet chemistry treatments (Figure 
9). Gas treatments are usually performed at elevated temperatures in the range 400-850 °C and 
suffer from poor selectivity. For example, heating ND in ammonia flow for 1 h at 850 °C in an 
attempt to produce ND terminated with NH2 groups results, in addition to the formation of 
amino- groups, in the reduction of C=O groups to C-O-H, and the formation of C-H and C≡N 
groups [123] as well as C=N- containing groups [124, 125] (Figure 9). These changes are 
accompanied by a corresponding shift in pH of aqueous dispersions from 4.3 (ND before 
ammonia treatment) to 8 (ND after ammonia treatment) [124]. Heating in hydrogen gas at 800 
°C for 2 h [123] and 5 h [126, 127] results in complete reduction of C=O to C-O-H and formation 
of C-H groups (“bifunctional surface”). It should be emphasized that hydrogenation in these 
conditions has never resulted in complete removal of surface O-H groups (Figure 9); however, it 
may become possible using processes that are under development. Current research activities 
indicate that completely hydrogenated ND might be producible using a layer-by-layer oxidation 
process, allowing for the removal of strongly bound oxygen containing functional groups and 
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precise control of ND particle size [128]. Also, Girard et al. reported on a microwave hydrogen 
plasma treatment that results in an almost completely hydrogenated ND [129]. Completely 
hydrogenated hydrophobic ND is of interest for many applications as well as for comparison 
with modeling performed mainly for hydrogen-terminated clusters. 
Treatment in chlorine for 1 h at 400 °C resulted in the formation of acylchloride species and 
partial removal of C-H and O-H containing functional groups [123]. Fluorination in F2 was 
reported to form C-F groups on ND [130-132]. Annealing of ND in N2, Ar or vacuum results in 
complete removal of surface functional groups, followed by progressive graphitization and 
conversion of ND into carbon-onions (described in more detail in this section) [123, 133-136], 
which find applications in energy storage [135], composites [137, 138], and catalysis [139]. 
 
 
Figure 9: The surface of ND–COOH can be modified by high-temperature gas treatments (red) or 
ambient-temperature wet chemistry techniques (blue) [24]. It is of outmost importance to select 
an application specific surface functionality.  
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Compared to gas phase treatments, wet chemistry reactions can be performed in milder 
conditions and provides better selectivity (Figure 9). Due to their vast variety, only a small 
selection of reactions is shown. Numerous functionalized nanodiamonds were produced with 
wet chemical functionalization and are described elsewhere [22, 24]. Carboxylated ND was 
reduced into O-H terminated ND and converted into reactive acyl chlorides with subsequent 
linkage of amines [140, 141]. Reactive C-Cl and C-F surface species created by gas annealing and 
photochemical chlorination were further used in numerous wet chemical reactions [127, 130, 
132, 142]. 
O-H terminated ND can be produced by reduction with borane (BH3 in tetrahydrofuran) 
[143] or LiAlH4 [144], by treatment of ND with Fenton reagent (H2O2+FeSO4 in a strongly acidic 
environment) [145, 146] or by photochemical reaction of hydrogenated ND with water [147]. 
Hydroxylated ND (Figure 10) was involved in esterification reactions with different acyl 
chlorides yielding ND terminated with long alkyl chains attached via ester bonds, being an 
optimal material for polymer matrix reinforcement [148]. O-H terminated ND was also used in 
silanization with simultaneous de-agglomeration [149]. 
NH2 terminated ND is of interest for many composite and biomedical applications (Figure 
10), also being used as a starting material for more advanced functionalizations [150]. In 
addition to gas treatment at high temperature, selective formation of amino-groups on the ND 
surface is accomplished by covalently linking amine derivatives to ND. Examples include grafting 
of nitroaromatic derivatives using diazonium chemistry with subsequent electrochemical 
reduction of NO2 into NH2 [151], or attaching aminated silanes to hydroxylated ND [143]. 
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Figure 10: Schematic of ND with different surface chemistries. Hydroxylated and oxidized ND is 
the basis material for most functionalization. Aminated ND is of interest for composite and 
biological applications, also being used as a precursor for advanced functionalizations. Partially 
graphitized ND can be used for applications requiring good electrical and mechanical properties. 
Recent progress in chemical reactions of ND is described in [22, 24, 114, 115]. 
Functionalizations of ND for biomedical applications are described in [143, 152, 153]. As an 
example the reaction scheme to obtain silanized ND is shown in Figure 11 a. Also, the 
morphology of poly(iso-butyl methacrylate) functionalized ND is shown in Figure 11 b 
measured by AFM. The grafted polymer brush has a diameter of about 300 nm, being about 15 
times larger than the ND-diameter. This is an example of a polymer-ND composite synthesized 
in a “grafting from” approach. 
The majority of functionalization techniques are based on the assumption that ND bears 
carboxylic or hydroxylic groups on its surface (Figure 11 a), and because hydroxylic groups are 
usually produced by reduction of carboxylic groups, carboxylated ND can be considered as a 
universal precursor material for ND functionalization (Figure 9). 
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Figure 11: a) Functionalization scheme to obtain silanized ND [149]. b) AFM scan of ND 
functionalized with poly(iso-butyl methacrylate) [154]. This “grafting-from” approach can be 
used to produce nanocomposites. 
Besides using organic chemistry, ND can be functionalized via the chemistry of graphitic 
carbon either present intrinsically (bucky-diamond) or deliberately created through a partial 
surface graphitization (Figure 10). In this case, it is possible to create strong C-C bonds between 
ND’s graphitic shell and the attached moiety, whereas the techniques using chemistry of 
functional groups usually result in the formation of C-X bonds where X is N, O, S, etc. 
Functionalization of ND’s graphitic shells was reported via [4+2] cycloaddition (Diels-Alder 
reactions) [155], 1,3-dipolar cycloaddition of azomethine ylides (the Prato reaction) [156], and 
diazonium chemistry [157]. Diazonium chemistry is a simple and versatile process which, in 
addition to graphitized ND, was also used with hydrogenated ND [151] to form C-C bonds 
between the attached moiety and diamond core; or hydroxylated ND [149] (in the latter case C-
O-C bonds are formed). Thus, ND provides numerous options for surface functionalization. For 
all functionalizations it is critical to verify the purity and surface chemistry of the starting 
material to insure a successful synthesis. 
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Another important task which is yet to be accomplished is the quantitative analysis of ND 
surface functional groups. The data on the number of surface functional groups of ND is still 
scarce. Carboxylic groups are among the most common in NDs and are relatively easy to 
determine due to their acidic character. In one of the earlier studies the content of COOH was 
determined by electrostatically mediated adsorption of dodecylamine, where it was assumed 
that an ionic bond is formed between equivalent COOH and NH2 [141]. This technique gave an 
average content of carboxyl groups 0.9 ± 0.1 mmol per g of ND, corresponding to ∼ 3.9 wt.% of 
COOH in ND. Boehm titration is a widely used technique to quantify different surface functional 
groups based on their pKa. The average content of COOH groups on ND measured by this 
technique was 0.85 COOH per nm2 of ND surface [158]. The same group later reported results of 
Boehm titration with conductometric detection [159], which measured values from 0.15 to 0.81 
COOH groups and 0 to 0.27 lactone groups per nm2 of ND surface depending on ND 
functionalization. The content of OH groups in hydroxylated ND was determined in an indirect 
way by forming stearoyl ester of ND followed by its hydrolysis, dissolution of stearic acid in ethyl 
acetate, its reaction with NaOH, collection of precipitated sodium stearate, its conversion back 
into stearic acid, which was then collected, dried and determined gravimetrically. Using this 
technique, the content of OH groups in hydroxylated ND was found to be 0.13 mmol/g [144]. It 
should be emphasized that ND is a material, not a substance, and as such has no defined 
chemical formula. Therefore, the content of a certain type of functional group differs for varying 
NDs and to a large extent depends on the history of the sample, i.e. on how it was produced, 
purified, modified, etc. At the same time, researchers developing advanced applications for this 
material must precisely know the composition of the ND material they are working with. 
Therefore careful qualitative and quantitative characterization of ND is of outmost importance 
for its successful application. 
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Annealing of nanodiamond. Nanodiamond can be converted into carbon-onions by annealing 
in vacuum [160]. Carbon onions are electrically conducting and can be used in applications such 
as electrodes for supercapacitors [161]. Depending on the state of graphitization they can have 
good electrical and mechanical properties: the diamond core has excellent mechanical 
properties, while the sp2 carbon shell has excellent electrical properties. Carbon onions are 
produced from detonated nanodiamond by a simple annealing process at temperatures 
between 1000 - 1500 °C in vacuum. Temperature and annealing time control the degree of 
graphitization [162]. The transformation and degree of graphitization can be measured for 
example by using XPS, TEM, XRD and Raman spectroscopy [160]. 
2.3.1.4 Other carbon nanomaterials 
Besides the introduced carbon nanostructures, there exist numerous other carbon 
materials. Tubular nanoforms such as carbon onions, fullerenes, nanohorns and hollow-core 
stacked nanocones, stacked curved platelet fibers or full-core nanotubes are reported, showing 
the potential of carbon nanostructures [163]. These carbon nanostructures can be used as new 
building blocks for future composite materials. 
2.3.2 Strategies for nanofiller dispersion 
It is known that ND, among all nanofillers, has an even stronger tendency for agglomeration, 
making it difficult to obtain singly dispersed ND particles [148]. As mentioned in the introduction 
above, uniform dispersion and minimization of agglomerate size are major challenges in the 
preparation of polymer nanocomposites (section 2.1). To achieve maximal improvement in 
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mechanical properties such as Young’s modulus and hardness, both factors need to be 
minimized as confirmed by a MEM model (section 2.1.1.2.2). 
In practice two major principles can be applied to improve dispersion and reduce 
agglomerate size, where one can distinguish between mechanical and chemical approaches. 
For nanodiamond, two mechanical approaches have proven effective, the first one being 
milling, the second one being ultrasonication. In the case of zirconia microbead and salt assisted 
wet milling [119, 164] significantly reduced agglomerate sizes are achieved (Figure 12 a). 
Another effective method to deagglomerate ND is ultrasonication. Especially in combination 
with surface functionalization such as hydrogenation (Figure 12 b) [165] or silanization [149], 
colloidal ND-solutions can be produced. However, the obtained single dispersed ND particles are 
only stable in aqueous or selected polar organics, thus limiting their application for polymer 
composites since many polymers are soluble in non-polar solvents only. Also, for CNT reinforced 
polymers using a three roll calandar, introducing high shear forces, can improve dispersion and 
align the CNTs [14]. This technique has not been applied to ND-composites and might be useful 
to reduce agglomerate size and improve dispersion in future studies. 
As mentioned in section 2.1.1.1 surface functionalization of nanofillers can be used to 
introduce repulsive interactions between nanofillers. Depending on the solvent used in a 
specific application the surface chemistry needs to be changed accordingly. For organic solvents 
a reduced agglomerate size and improved dispersion was measured when using ND particles 
functionalized with alkyl chains [148]. Colloidal solutions of ND made with chloroform and 
methanol can be obtained when using octadecylamine functionalized ND [140] (Figure 12 c). In 
a similar approach ND was functionalized with oleylamine, showing improved dispersion in 
polar, organic solvents such as tetrahydrofuran, methyl ethyl ketone or acetone [166]. 
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Figure 12: a) Particle size distribution of milled (pH adjusted to ∼11) and photographs of 
aqueous nanodiamond dispersions milled with and without NaCl. b) Photographs of aqueous 
solutions prepared by ultrasonication (5h) of untreated ND (left) and hydrogenated ND (right). c) 
Computer model of ND-ODA (section 3.1.2.4) and photograph of a ND-ODA (0.004 wt.%) 
dispersion in dichloromethane with UV (365 nm) illumination. 
2.4 Polymer-nanodiamond composites 
The small 5 nm diameter of detonation ND particles in combination with their superior 
mechanical properties (diamond properties) and rich surface chemistry, as described in section 
2.3.1.3, makes ND an optimal candidate for reinforcing polymer matrices, where it can act 
through changing the properties of the interphase as well as forming a strong covalent interface 
with the matrix. ND can be thought of as a universal building block for PNC design since its 
surface can be modified to virtually any extent in order to create desirable interfaces and 
influence the interphase with almost any polymer matrix without compromising the properties 
of the diamond core [117, 118], a striking contrast to CNTs and other sp2 carbon nanostructures, 
in which surface functionalization often results in degradation of their properties, as for example 
reported for CNT’s [167]. In this section recent developments in PNC-ND design, focusing on the 
mechanical properties of the composites are described. Due to the variety of polymers, this 
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section is split into three subsections following the classic subdivision of polymer matrices into 
thermoplastic, thermosetting, and elastomeric. 
2.4.1 Mechanical properties 
2.4.1.1 Thermoplast-nanodiamond composites 
There are several studies addressing the reinforcement of thermoplastics with ND. Even at 
low concentrations and without surface functionalization, ND can reinforce some 
thermoplastics. For example, a reduced mechanical stress, as defined by the Mooney-Rivlin 
equation, was observed due to the addition of glass beads in combination with only 0.1 wt.% of 
as-received ND to polydimethylsiloxane. Viscosity measurements of the melts suggest that ND 
changes the conformation of polydimethylsiloxane molecules, resulting in improved mechanical 
properties [168]. 
Also, improved properties of poly(urethane-2-hydroxyethylmethacrylate) (PU-PHEMA) with 
added ND were reported. Increased Young’s moduli and glass transition temperatures (Tg) due 
to the addition of 0.25 wt.% of as-received ND were measured and explained by a reaction 
between NDs carboxylic groups and the isocyanate groups forming during the polymerization of 
PU-PHEMA [169]. 
Polyethylene is a widely used polymer consisting of a -CH2- backbone, with no side chain 
functionalities. To improve its affinity to this specific polymer matrix, alkyl chains of variable 
length were grafted to ND. DSC measurements performed on polyethylene-ND composites 
indicate an increased crystallinity, crystallization and melting temperatures of the 
nanocomposites with increasing ND content and alkyl chain length. Following this trend, Young’s 
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moduli and hardness values measured by AFM were increased by a factor of 2.5 and 4.5 
respectively; the increase was larger with longer grafted alkyl chains (Figure 13 a and b). These 
improvements were explained by the significant increase in crystallinity of the polymer, 
providing an example of how the proper selection of ND’s surface functionality can be used to 
design an interphase [170]. 
 
Figure 13: a) Young’s modulus and b) hardness of polyethylene-ND composites as functions of 
ND content and grafted alkyl chain length to ND [170]. 
PAN and PA11 nanofibers with high contents of ND have dramatically improved mechanical 
properties [171]. It should be noted that the ND used in this study was purified by air oxidation, 
followed by HCl treatment to reduce the content of metals and increase the number of 
carboxylic groups on ND, as confirmed by FTIR measurements. A 400% increase in Young’s 
modulus and a 200% increase in hardness were measured by nanoindentation. The electrospun 
PA11-ND and PAN-ND nanofiber mats were melted into films prior to testing. 
Interestingly, even at high ND concentrations (up to 20 wt.%) these films remain transparent 
in visible light (Figure 14 a), while strongly absorbing UV radiation. The electrospun ND-PAN 
fibers produced in this study contained up to 80 wt.% ND, where agglomeration is pronounced 
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at higher concentrations (Figure 14 b, c). Eventually, performance can be enhanced when 
dispersion of ND is improved (section 4.1.1.2). Due to the observed increases in Young’s 
modulus and hardness, both the wear and scratch resistance of the spun and melted polymer-
ND films are expected to increase, making this material a promising candidate for optically 
transparent UV absorbing scratch- and wear resistant coatings and paints [171]. 
 
Figure 14: a) Optical images of electrospun PA 11 nanofibers containing 20 wt.% as received ND 
(section 3.1.2.1), before (left) and after (right) heating, leading to fiber fusing to the surface and 
formation of a transparent film. b) TEM image of electrospun PAN nanofibers with 10 wt % ND-
UD90. c) TEM image of electrospun PAN nanofibers with 60 wt % ND-UD90, showing large ND-
agglomerates. Nanodiamond particles, which have a higher density than PAN, appear as dark 
spots in TEM images in panels. Inset in panel c shows a fracture surface of a polymer-bonded 
diamond fiber (60 wt % of ND-UD90) [171].  
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Polymers are commonly used in tribological applications to reduce friction between two 
surfaces. For example, they are used as bearings between steel counterparts or as wear 
reducing coatings in artificial joints [172-175]. Since it is well known that diamond has excellent 
tribological properties [176], a number of studies addressed the tribological performance of 
different thermoplastic polymers reinforced by ND. 
Polytetrafluoroethylene (PTFE) is a well known and widely used low-friction polymer with 
high chemical and thermal stability. To further improve tribological properties, as-received ND 
was introduced into this matrix. Reduced friction coefficients and an improved wear resistance 
with a significant reduction in the wear track width, at 23 and 150°C were measured (Figure 15 
a and b). The reduced wear was explained not by the low friction coefficient of ND, but rather 
by a change in the microstructure of the nanocomposite observed by SEM [177]. PTFE-ND 
composites can eventually replace metals, such as Bronx, in high performance tribological 
applications. 
 
Figure 15: SEM micrographs on worn surfaces of a) pure PTFE and b) a 2 wt.% PTFE-ND 
composite. Tests were performed with a Si3N4 counter-body at room temperature [177].  
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Another study reported a relationship between ND agglomerate size and the wear 
performance of PTFE-ND composites. In that study, a decrease in wear was observed for small 
agglomerates, while larger agglomerates resulted in increased wear [178]. Friction coefficients 
follow the same trend, indicating that small agglomerate size leads to better properties. An up 
to 5 times reduction in wear rate of PTFE-ND composites with 2 wt.% of ND as well as decreased 
wear of polyacrylamide-, polymethylmethacrylate-, and polyethylene-ND composites were 
observed in another study [179]. Studies on polyurethane-ND composites with 0.5 wt.% of ND 
confirmed that tribological properties of different thermoplastics can be improved due to the 
addition of ND [180]. 
Development of wear resistant and low friction ND-containing coatings that only need to be 
applied on the surfaces of wearing parts is especially attractive since in this case the amount of 
ND needed is low. Also, coating applications require strong adhesion between the substrate and 
coating. This property can also be improved by applying ND. A study on Nylon-11-ND 
composites reported on a significantly improved adhesion of the polymer coating to steel due to 
the addition of 7 wt.% purified ND, further emphasizing the great potential of ND for coatings 
[181]. 
In summary, as-received ND can be used to reinforce the mechanical properties of various 
thermoplastic matrices, but the key to creating more consistent and ultimately strong 
composites lies in selecting the right surface chemistry of ND for each specific application.  
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2.4.1.1.1 Thermoplastic-ND composites for biomedical applications 
Due to non-toxicity and biocompatibility of ND [182], it is an excellent material to reinforce 
polymers for biomedical applications. Most polymers developed for such applications, in 
particular biodegradable polymers, suffer from poor mechanical properties, which severely limit 
their potential for the replacement of metals in applications such as bone fracture fixation. In 
this section we give an overview on how ND can improve the mechanical properties of several 
biocompatible polymers. 
A common biodegradable polymer is polyvinyl alcohol (PVA), which has numerous 
biomedical applications including soft tissue replacements, artificial cartilage, catheters, artificial 
skin, artificial pancreas, and hemodialysis membranes [9]. Several studies have investigated the 
use of ND to reinforce PVA. For example, a 40% improved tensile modulus and a 70% larger 
fracture energy were measured due to the addition of 1 vol.% of ND purified by a treatment 
with o-xylene to remove any adsorbed organics. The observed improved properties were 
explained by favorable interactions between ND-COOH groups and the hydroxyl groups of PVA 
[183]. 
In a similar study, using “Gohsenol NH-18” PVA, a significantly larger improvement in tensile 
modulus (150%), increased yield strength and fracture energy were measured. The 
improvements were explained by an 8% increased crystallinity of PVA and hydrogen bond 
formation between PVAs hydroxyl groups and NDs oxygen containing functional groups and 
adsorbed water (Figure 16) [184]. 
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Figure 16: Illustration of the possible interactions between PVA and NDs’ functional groups. 
Hydrogen bonding between oxygen containing functional groups on ND and hydroxyl-groups of 
PVA can explain the significant improvement in the mechanical properties of PVA-ND composites 
[184]. 
While the measurements above were done on bulk PVA-ND samples, the Young’s modulus 
of PVA-ND composites were also studied by nanoindentation. The compression modulus and 
hardness improved by more than 90 and 78 % respectively, due to the addition of only 0.6 wt. % 
acid-purified ND having an increased number of carboxylic groups. DSC data showed a 14 % 
increased crystallinity [185]. 
The reported differences in the properties of PVA-ND nanocomposites can be explained by 
the variations in molecular weight of PVA, dispersion states of ND in the polymer, and in the 
nature and number of NDs functional groups. Also, nanoindentation and tensile tests measure 
mechanical properties on different length scales and the data produced by both can significantly 
differ. Higher values of Young’s modulus and hardness measured by nanoindentation can be due 
to local variations in ND dispersion and concentration, showing the potential of these 
composites. 
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The above studies ascribe the main reason for improved properties to the attractive 
interactions between NDs carboxylic surface groups and hydroxyl groups of the polymer matrix. 
However, in the case of a Kevlar-ND composite a more than 50 % reduced Young’s modulus and 
hardness value were measured by nanoindentation. In this case the attractive interactions 
between ND–COOH groups and Kevlar molecules played a detrimental role, destroying the 
supramolecular structure of the aramide [158]. This example emphasizes the importance of 
designing the polymer-ND interface in order to achieve a desired performance. As illustrated in 
Figure 17, the addition of ND can either increase or decrease the mechanical properties of 
polymer matrices, depending on the selected surface functionality. 
 
Figure 17: Effect of nanofiller functionalization on composite Young’s modulus. Depending on 
the nanofiller functionalization, properties can either be improved or decreased. The nanofiller 
might degrade the properties of the polymer to such a large extent that it overwhelms the 
increase expected from the properties of the nanofiller. 
Another common biodegradable polymer is poly(methyl methacrylate) (PMMA), which is 
commonly used as a dental implant material. The impact strength and fracture toughness of 
PMMA-ND composites were increased due to the addition of only 0.1 wt.% of acid-purified ND. 
41 
 
 
At ND contents of 0.8 wt.%, Young’s modulus was 80 % higher and Tg increased by 20°C. The 
improved properties are explained by hydrogen bonding between the polymer carbonyl groups 
and NDs surface hydroxyl groups [186]. TEM micrographs of the produced nanocomposites 
showed significant agglomeration of ND, suggesting that further improvements are possible as 
well dispersed single ND particles become available. 
Besides the as-received ND, polycarbonate (PC) and PMMA were also reinforced with 
different functionalized NDs. Hardness and Young’s moduli of these nanocomposites were 
increased by up to 100%, when the appropriate surface functionality was selected. Young’s 
moduli of PC and PMMA with same contents of different functionalized NDs are compared in 
Figure 18. Highest improvements in mechanical properties are obtained when using amide 
functionalized ND for PMMA and amino functionalized ND for PC [187]. Reasons for the better 
performance of ND functionalized with nitrogen containing groups remain unknown. 
 
Figure 18: Young’s modulus of polycarbonate (PC)  and poly(methyl methacrylate) (PMMA)-ND 
composites with different functionalized NDs [187]. 
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Poly(Lactic Acid) (PLA) is a common biodegradable polymer, used in tissue engineering. 
Storage modulus, tensile modulus, and the tensile strength of PLA were improved due to the 
addition of 5 wt.% ND. The reasons for the better properties might be due to the increased 
crystallinity of the matrix (measured by DSC) as well as the attractive molecular interactions 
between ND and PLA molecules as suggested by the increased thermal stability measured by 
TGA [188]. 
In the above studies, composites were manufactured by solution mixing and casting. 
Another approach to manufacture nanocomposites is to start from monomers and perform in 
situ polymerization directly on the ND surface (section 2.3.1.3.1). Resulting composites are 
expected to have an improved dispersion since ND agglomerates can be broken by the growing 
polymer chains during the reaction. At the same time the polymers are covalently attached to 
the ND surface, forming the strongest interface between the polymer and ND, which is 
mandatory for effective load and heat transfer from the matrix to the nanofiller. 
ND with covalently linked polymer chains (ND-polymer brushes) were synthesized using the 
atom transfer radical polymerization of poly(iso-butyl methacrylate) at the ND surface. The 
brushes were characterized by TGA, FTIR, NMR and AFM. Single ND-polymer brushes were 
visualized using AFM as shown in Figure 11. According to this data, the single ND-polymer 
brushes can have diameters of up to 300 nm, i.e. ~100 times larger than the diameter of single 
ND particles [154]. This increase in single ND particle size due to the attached molecules is 
important to keep in mind when analyzing particle size by techniques such as Dynamic Light 
Scattering [154]. Using a similar approach, polyimides were grown on ND particles. It was found 
that the XRD diffraction peak of polyimide at 4.9° disappeared in ND composites, providing 
evidence that long range interactions between polyimide chains are disrupted due to the 
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introduction of ND. The produced nanocomposite had a 25% higher Young’s modulus and a 15% 
higher hardness at a ND content of 5 wt.% [189]. 
2.4.1.1.2 Synergetic effects of ND in reinforcing thermoplastic co-polymers 
It was suggested that the combination of two fillers in a nanocomposite may result in 
synergism with larger improvements in properties, compared to the values expected based on 
the additive rule. This was demonstrated by combining a micrometer-sized filler with ND: 
polyurethane foam containing a mixture of 10 µm diameter glass spheres and ND showed a 30% 
improved strain resistance [190]. 
In the case of a PVA-based nanocomposite, the strongest synergetic effects were observed 
when two nanocarbons, few layered graphene and ND, were combined (Figure 19). The highest 
Young’s modulus - 9.3 GPa, 14 times higher compared to the neat PVA matrix - was achieved 
when CNTs were used with ND at a total nanofiller loading of only 0.6 wt.%. The mechanism of 
the synergism is still unclear [191]. 
ND can be used to reinforce various thermoplastic polymers as described above. There 
seems to be no limitation on the matrix composition: even complex copolymer matrices can be 
reinforced by ND. In a study of ethylene-1-octene copolymer-ND composites, an example of 
such a complex copolymer composite, the amount of crystalline orthorhombic phase and its 
crystallization rate were increased due to the addition of 5 wt.% of as-received ND. This resulted 
in an improved Young’s modulus and larger strain-to-failure values [192]. V-shaped ND-
copolymer brushes were produced in a different study and might be optimal for copolymer 
reinforcement [141]. 
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Figure 19: Synergetic effect between different nanocarbons. The largest synergetic effect was 
measured when combining few layered graphene (FG) and ND [191]. 
2.4.1.2 Thermoset-nanodiamond composites 
Polymer thermosets find numerous applications in industry as adhesives, structural 
components, polymer concretes, and matrix materials [3, 193]. These applications require 
superior mechanical properties. Similar to thermoplastics, ND can be introduced into the 
thermosets to improve their mechanical and tribological properties. 
A common thermosetting polymer is epoxy, widely used as a matrix material for carbon-
fiber reinforced composites [3]. The bulk Young’s modulus measured in tensile tests was 25% 
higher due to the addition of 0.5 wt.% as-received ND also increasing the decomposition 
temperature. However, due to poor dispersion, the storage modulus of the epoxy composite 
was significantly reduced with addition of ND [194], emphasizing the importance of a good 
dispersion to optimize the mechanical properties of ND composite materials. 
45 
 
 
A study on the mode I and II fracture toughness of epoxy-ND composites has shown that, 
besides an improved Young’s modulus and hardness, the mode II fracture toughness of epoxy-
ND composites with ND loadings of 0.1 wt.% is increased. This is because ND is thought to 
hinder shear deformation, improving fracture toughness [195]. 
2.4.1.3 Elastomer-nanodiamond composites 
Elastomers are a sub-class within polymers; an elastomer is defined as a cross-linked, 
amorphous polymer above its Tg [90]. Elastomers are heavily used in the automobile industry to 
make tires, breaking systems, chassis, interior parts, etc. [91]. In many cases, improvements in 
mechanical properties of elastomers are required to extend their lifetime and further broaden 
their applications. 
Studies on elastomer-ND composites are rare. However, improved mechanical properties, 
such as cohesive strength, rupture, and wear resistance were reported for a variety of 
elastomers including fluorinated elastomers and rubbers [196]. The effect of the surface 
functionalization of ND on the mechanical properties of polysiloxane films was studied as well, 
where mechanical properties such as engineering stress and tensile strength were increased due 
to the addition of silanized ND. The improvement in mechanical properties was attributed to a 
reduction in ND agglomerate size during a silylation reaction, which removes adsorbed water 
from the ND surface at the same time, rendering the material hydrophobic [197]. Further 
studies on the reinforcing mechanisms of ND in elastomeric polymer matrices are required. The 
covalent incorporation of ND into elastomers is a promising approach that could yield materials 
with larger strain-to-failure values. 
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2.4.2 Thermal properties of polymer-nanodiamond composites 
A major challenge limiting the application of polymers is their low melting temperature and 
thermal stability, both resulting in a decay of mechanical properties at relatively low 
temperatures. The Tg, a common phenomenon responsible for the decrease in mechanical 
properties of polymers, is in the range of 200°C for epoxy polymers, being one of the highest 
among polymers. In addition to Tg, other thermal properties, such as thermal conductivity, and 
fire resistance need to be further improved to broaden the use of such polymers. Here we 
discuss the effects of ND on the thermal properties of polymers. 
2.4.2.1 Thermal stability of polymer-ND composites 
Addition of ND to PLA resulted in improved mechanical properties, an increased thermal 
stability, and a lower Tg and crystallization temperature (Tc) of the composites, measured by DSC 
Figure 20. The degree of crystallinity was increased at the same time. It is suspected that ND 
particles act as a nucleation agent for crystallization [188], explaining the increase in 
crystallinity. Also, a 20°C increase in Tg and a higher degradation temperature were measured 
for a liquid crystal polyester, due to the addition of 1 wt.% ND [198]. 
PMMA reinforced with 2 wt.% of Onion-Like-Carbon (OLC), produced by the annealing of ND 
[24, 199], has a higher Tg and melting temperature, as measured using a capacitance bridge 
[200]. Resistance to thermal degradation of PMMA was increased in another study due to the 
addition of 2 wt.% of nitric acid-purified ND [137]. 
It can be concluded that ND and OLC can be used to effectively improve the thermal stability 
of polymers. Mechanisms for the observed improvements are still under discussion and are 
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believed to result from changes in the polymer conformation taking place in the polymer-ND 
interphase. 
 
Figure 20: DSC traces of neat PLA and PLA-ND nanocomposites with different ND contents: a) 
neat PLA; b) 0.1 wt.%; c) 0.5 wt.%; d) 1 wt.%; e) 3 wt.%; f) 5 wt.% ND [188]. A decreased glass 
transition, Tg, and crystallization temperature, Tc, were measured. 
2.4.2.2 Thermal conductivity of polymer-ND composites 
Due to diamond’s excellent thermal conductivity, additions of ND can improve the typically 
poor thermal conductivity of polymers. However, the large interfacial area of nanofillers 
introduces thermal barriers. To understand if ND can improve the thermal conductivity of 
polymer matrices, several studies were conducted. 
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Experimentally, it was shown that the thermal conductivity of polymers is improved due to 
the addition of ND. In the case of a polydimethylsiloxane (PDMS), a 15% improvement in 
thermal conductivity due to the addition of 2 wt.% ND was measured by a transient-state 
technique. This increased thermal conductivity indicates a strong interface between the 
nanofiller and the polymer matrix, minimizing interfacial phonon scattering [137]. 
2.4.3 Optical properties of polymer-nanodiamond composites 
The optical properties of polymer composites are of interest for various applications. For 
example, laser beams can be amplified or high refractive index materials can be obtained when 
introducing nanofillers into polymers [201]. Also, the visual appearance of polymer films, which 
is of importance, e.g. for packaging or surface finishing applications, can be tuned by nanofillers 
[202]. Light absorbing nanofillers are currently used in cosmetic sunscreens [203]; it is also 
possible to take advantage of a high UV absorbance of NDs when incorporating them into 
polymer films. 
Due to its interesting optical properties, including a high refractive index and the ability to 
strongly adsorb light in the UV range, ND is a promising material to improve the optical 
properties of polymers. 
The strong absorption of ND in the UV range was previously reported; the efficiency of 
absorption was shown to be a function of agglomerate size, concentration, and surface 
functionalities [204]. Furthermore, ND with certain naturally or artificially created defects is 
fluorescent [113]. ND agglomerates can form photonic crystals, where variations in the 
interparticle distance result in various colors of ND-oil suspensions [205]. Incorporating ND into 
polymer matrices makes it possible to take advantage of these optical properties. PA 11 fiber 
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mats containing up to 20 wt.% ND were produced by electrospinning and formed visually 
transparent, UV-absorbing thin films on different substrates upon heating (Figure 14). In 
combination with improved mechanical properties, this material has a great potential for UV-
protective, scratch resistant coatings [171]. The UV-absorbing properties of heat treated PMMA-
OLC composites were also reported [137]. 
A strong photoluminescence (PL) of PDMS-ND composites in UV, blue, and green light 
ranges was observed after proton irradiation, being the strongest within ND-agglomerates. The 
irradiation has probably resulted in creating a number of fluorescent defect centers in the ND 
structure, being the reason for the observed PL of ND agglomerates [206]. 
 
Figure 21: PDMS samples with dispersed ND show green, blue and UV luminescence after 
irradiation with protons: Photoluminescence, (PL) intensity profiles (left), and photographs 
(right) of PDMS-ND composites after illumination with a) green (200ms), b) blue (200ms) and c) 
UV-light (40 ms) [206]. 
50 
 
 
2.4.4 Electromagnetic shielding of polymer-ND composites 
Electromagnetic compatibility (EMC) is essential for any electrical device to function reliably. 
Thus, it is important to protect electrical devices such as processors, integrated circuits, 
information processing equipment, and telecommunication units against electromagnetic 
interference (EMI). Advanced materials such as nanocomposites are expected to have good 
shielding properties against EMI, when appropriate nanofillers are used [207]. While ND is an 
insulator, OLC has metallic conductivity. OLC is produced by ND annealing, when sp3 carbon is 
converted into sp2 carbon [24, 199]. The sp3/sp2 carbon ratio can be controlled by the annealing 
temperature and time. OLC consisting of several shells of sp2 carbon has good EM absorption 
properties due to its high electron conductivity and highly defective inner shells with electron 
vacancies that can be polarized [208]. 
A study on PDMS-OLC composites containing 4 wt.% OLC showed that it is possible to 
improve the electromagnetic shielding of the polymer matrix determined using loss-tangent and 
dielectric constant measurements [137]. 
In a different study, the dielectric permittivity of PMMA and polystyrene polymer films was 
increased due to the addition of OLC (up to 2 vol.%) [200, 209]. Additionally, the electrical 
conductivity of the polystyrene-OLC composites was characterized and showed several orders of 
magnitude improvement due to the addition of 35 wt.% OLC. Both values increased with 
improved dispersion and reduced agglomerate size. Improved dispersion was achieved with high 
shear forces during the manufacturing process introduced using a forge-rolling method [209]. 
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2.4.5 Other applications for polymer-ND composites 
Due to its biocompatibility [24] and rich surface chemistry, ND holds great potential for 
engineering new materials for biomedical applications. 
Grafting of polymers to ND was described above. In a next step, ND can be used as a drug 
delivery system for oral intake when, for example, functionalized with the biopolymer chitosan. 
Chitosan can be used as a carrier for various proteins, where proteins get released due to 
changes in pH. Successful grafting of chitosan to ND was confirmed by FTIR, Raman, and zeta-
potential measurements [210]. 
Another approach to use ND as a drug carrier in polymer systems was realized by enclosing 
ND particles into a porous sandwich Parylene C structure. The FDA-approved biocompatible 
polymer, Parylene C, can be used for local drug delivery when implanted into the human body. 
Due to the micro-porosity of the polymer, ND is released at constant rates for prolonged 
periods, which is often necessary for successful disease treatment [211]. 
More exotic properties such as the shielding against proton irradiation were reported for 
polymer-ND composites as well. Changes in the molecular structure of a neat PDMS matrix and 
a PDMS-ND composite due to proton irradiation were monitored using FTIR and Raman 
spectroscopy. It was found that cleavage of the polymer backbone was significantly reduced due 
to the introduction of ND, thus improving the resistance of the polymer to radiation-induced 
degradation [212]. 
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2.5 Summary 
Polymer matrix composites find various applications in industry. To further improve their 
properties nanofillers have proven effective. However, achieved improvements are still below 
expectation. This can partly be explained by non-optimal nanofillers used in previous studies. 
Further improvements and new designs require nanofillers with the following properties: 
• Excellent mechanical properties • Biocompatible 
• Large surface area • Multifunctional 
• Rich surface chemistry • 0-dimensionality (processability) 
• Cost effective  
Nanodiamond (ND) has all these properties, thus being an optimal material for polymer 
matrix reinforcement. The review of literature (section 2.4.1) confirms that ND is a promising 
material to improve many important properties of various polymer matrices. However, there 
exist contrary results addressing the mechanical reinforcement of ND, where both increases and 
decreases in mechanical properties were reported. Also, studies investigating the reinforcing 
mechanisms are rare. 
These discrepancies and under performance of some polymer-ND composites can be 
explained by agglomeration and poor dispersion of ND, as well as non-optimized polymer-ND 
interactions. To take full advantage of NDs properties and explore the potential of ND in 
polymer matrix composites the following two key issues need to be addressed: 
• New processing techniques and routes need to be developed to improve ND dispersion 
• ND surface chemistry needs to be optimized for its specific application, in the case of 
polymer nanocomposites allowing for interface and interphase optimization 
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2.6 Objectives 
The objective of this study is to investigate and improve the properties of polymer-ND 
composites. The following questions will be addressed: 
• Investigate if nanodiamond has Young’s modulus of diamond and study maximal 
obtainable Young’s modulus and hardness of polymer-ND composites. 
• Development of epoxy-ND composites with maximal mechanical properties at the 
lowest nanofiller concentrations by chemically optimizing NDs surface chemistry and 
accounting for polymer-ND interactions. 
• Study the mechanical performance of biodegradable PLLA-ND composites containing 
hydrophobic, fluorescent and biocompatible ND on the macro- and microscale. 
• Explore if it is possible to increase the stiffness and fracture toughness of thermosetting- 
and thermoplastic-ND composites. 
• Studying reinforcing mechanisms of ND on polymer matrices from the molecular- to the 
macro-scale, utilizing various mechanical and thermal analysis techniques. 
• Understand how changes in the molecular structure and chemical composition affect 
the bulk mechanical properties of polymer nanocomposites. 
• Produce multifunctional polymer-ND composites. 
• Optimization of NDs surface chemistry for applications in different polymer matrices. 
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3 Materials and Methods 
3.1 Materials 
3.1.1 Polymer matrices 
To understand reinforcing mechanisms of ND on polymers, various polymer-ND systems 
were studied. Changes in the molecular structure of the polymer in the vicinity of the nanofiller 
result in the formation of an interphase (section 2.1), were the properties of the interphase 
have the largest impact on the nanocomposites properties. Due to the complexity of polymers 
itself it is difficult to predict the properties of the interphase resulting from interactions with 
NDs surface. Thus, experimental studies are still mandatory. To address the reinforcing effect of 
ND on different polymer classes, a thermosetting and thermoplastic polymer matrix were 
selected. 
3.1.1.1 The epoxy system Epon828/PACM 
The epoxy system Epon828 (diglycidyl ether of bisphenol A) - PACM20 (bis-p-
aminocyclohexyl methane) was selected (Hexicon and Air Products, Inc.). The chemical 
structures of Epon828 and PACM20 are shown in Figure 22 a. 
The mechanical properties of epoxies strongly depend on the ratio of the number of epoxy 
to curing agent molecules. To define different stoichiometries the letter (r) is used, where the 
stoichiometric point (all amino groups react with all epoxide groups) is defined as r=1. For the 
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epoxy system Epon828 – PACM, r=1 at a PACM content of 28 pph (pph stands for parts per 
hundred of epoxy, i.e., 28 pph PACM means 28 g of PACM added to 100 g of Epon828). To 
obtain the different stoichiometries defined by r, the amount of PACM added is divided by the 
stoichiometric amount of PACM. The relationship between the stoichiometry r and the flexural 
modulus is described in detail in [213] and is shown in Figure 22 b. 
 
Figure 22: a) Chemical structures of Epon828 and PACM. b) Flexural modulus of the epoxy 
system Epon828-PACM as a function of the stoichiometry (r), replotted using data from [213]. 
Briefly, the flexural modulus of this epoxy system has a maximum at a stoichiometry of 
r=0.68, where flexural modulus increases when the stoichiometry of the system is below r=0.68 
and decreases at stoichiometries above r=0.68 due to the addition of more curing agent. 
To cure epoxy and epoxy-ND composites the standard curing procedure for this epoxy 
system was applied, where samples are heated for 2 h at 80 °C and 165 °C respectively [213]. 
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3.1.1.2 The thermoplastic polymer matrix Poly(L-lactic acid) 
Being biocompatible and biodegradable, the thermoplastic polymer matrix poly(L-lactic 
acid) (PLLA) is commonly used for biomedical applications [214, 215]. For example: fixation 
screws can be manufactured from this material (Figure 23 a) [216]. The polymer backbone of 
PLLA consists of carbon and oxygen atoms, methyl and carbonyl groups being its side chain 
functionality (Figure 23 a). Besides the chemical structure of the monomer, the mechanical 
properties of PLLA largely depend on its molar mass, where a longer chain length (higher molar 
mass) results in a larger number of entanglements [217]. In result the tensile strength increases 
with increasing molar mass (Figure 23 b). In this study PLLA with a molecular mass of 700,000 
g/mol was used with the grade “PL32”, purchased from Gorinchem Inc., Netherlands. 
 
Figure 23: a) Screws manufactured from PLLA for biomedical applications. Inset: chemical 
structure of PLLA [216]. b) Tensile strength as a functional of molar mass. The plot was 
generated using data from reference [217]. 
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3.1.2 Nanodiamond 
As described in section 2.3.1.3, ND has a unique surface morphology and chemistry that can 
significantly vary between different ND suppliers. ND used in this study was produced by “Altai”. 
Key to improve the properties of polymers with ND is to select an applicable surface chemistry 
[22, 24]. ND used in this work is described in the following sections. 
3.1.2.1 As received nanodiamond 
As received ND with the grade “UD90”, was used without further surface modification or 
functionalization, being characterized in detail in [117]. The sp3 and sp2 carbon content of this 
material was determined to be 70 and 30% respectively, using XANES. Depending on the 
application, higher or lower sp2 carbon contents are desirable and can be change using air 
oxidation as described in section 2.3.1.3.1. Furthermore, this material contains impurities such 
as iron and iron oxides that might influence the properties of the selected polymer matrix. 
Concerning the surface chemistry of UD90, it is known that this material contains various 
oxygen containing functional groups [117] such as carbonyl, carboxyl and phenol groups in 
addition to the large amount of sp2 carbon. Due to the large number of oxygen containing 
functional groups, UD90 is hydrophilic, where zeta-potential, and thus disperse ability, can be 
adjusted by changing the pH of the aqueous solution: with increasing pH the balance between –
COOH and COO- + H+ groups is shifted torwards the latter one, resulting in a more negatively 
charged surface in more basic environments (section 3.1.2.1). As a result the zeta-potential and 
agglomerate size is decreased. 
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From an economical point of view it is interesting to study the reinforcing effect of as-
received material, since functionalizations of ND can be expensive. The price of UD90 as of 
today lies in the range of $1000/kg. 
3.1.2.2 Purification of nanodiamond 
To purify ND oxidation in air is effective. It selectively removes sp2 carbon, where the loss of 
sp3 carbon at short oxidation times is small [117, 218]. Next, an acid treatment is applied to 
increase the number of –COOH groups on NDs surface and remove impurities, introduced 
during the detonation process (section 2.3.1.3.1). The obtained material was used as a precursor 
for further surface functionalization of ND. 
3.1.2.3 Aminated nanodiamond 
For the covalent incorporation of ND into an epoxy network, it is necessary to aminate ND 
(section 4.1.4). Gas treatments using ammonia can be applied to obtain this material (section 
2.3.1.3.1). However, this approach is non-specific and results in the formation of various 
nitrogen containing functional groups, where for covalent incorporation of ND, only amino 
groups are desired (section 2.3.1.3.1). In the context of this work, a wet-chemistry route was 
established yielding predominantly ND-NH2 groups (the majority of –COOH groups are converted 
into amino groups) [219]. This functionalization involves two reaction steps (Figure 24): first, 
purified ND (section 3.1.2.2) is chlorinated, reacting with thionylchloride (SOCl2) at a 
temperature of 70 °C for 24h. It is critical to use the catalyst dimethylforamide (DMF) during this 
reaction. In a second step, chlorinated ND (ND-Cl) reacts with the diamine ethylenediamine 
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(EDA) (NH2(CH2)2NH2), at a temperature of 60 °C for 24h. This two-step wet chemistry approach 
results in ND-NH2 (Figure 24). 
 
Figure 24: Sequence of reactions used for the synthesis of ND-NH2. Despite gas phase 
treatments, this wet chemistry route allows for a highly selective functionalization with amino 
groups. 
To insure that EDA forms covalent bonds with ND rather than being adsorbed on its surface, 
FTIR measurements were performed. Spectra of aminated and as-received ND are shown in 
Figure 25 a and b. An intense peak at 1665 cm-1 observed in ND-NH2, which is absent in ND-
COOH corresponds to a somewhat blue-shifted Amide I band of secondary amides [220]. Amide 
I is a strong band characteristic of all amides that originates from C=O stretch vibrations blue-
shifted by the electronegative N atom and red-shifted by resonance with a lone electron pair of 
the N atom and by hydrogen bonding, confirming covalent linkage of EDA to ND. A distinctive 
peak at 1535 cm-1, which is observed in the IR spectrum of ND-NH2 and absent in the spectrum 
of ND-COOH (Figure 25), corresponds to the Amide II band in a secondary amide. Amide II, a 
mixture of the C-N stretch and the N-H bend vibrations, is positioned at 1550 ± 20 cm-1 in 
secondary amides [220]. This stretch shows that the second, unbound amino group of EDA is 
available for reaction with epoxy. 
60 
 
 
 
Figure 25: FTIR spectra of ND-COOH and ND-NH2 recorded at a) 4 cm-1 and b) 0.5 cm-1. 
After amination, ND is expected to have more basic properties than as-received material 
due to the large number of grafted amino groups that can act as proton acceptors. To confirm 
this hypothesis ζ-potential measurements were performed. A comparison of ζ-potential and 
particle size versus pH of ND-NH2 and ND-COOH in aqueous dispersions (Figure 26) reveals a 
dramatic difference in the acid-base characteristics of these two materials. In neutral 
environment (pH = 7), ζ-potential of ND-COOH is about -30 mV, right at the verge of the 
potential required to maintain dispersion stability. The negative sign is due to the surface -COO- 
formed as a result of dissociation of carboxylic groups. At pH > 7, where the equilibrium ND-
COOH ⇋ ND-COO- + H+ shifts to the right, ζ-potential of ND-COOH becomes slightly more 
negative and the particle size is further reduced, resulting in a more stable ND colloidal solution. 
When pH is reduced and the equilibrium shifted towards the left, ζ-potential becomes less 
negative, the ND-COOH aggregates and the dispersion eventually collapses (Error! Reference 
source not found. a). ND-NH2 behavior is rather opposite. In neutral aqueous environment it has 
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a positive and small (<< 30 mV) value of ζ-potential, thus dispersions of ND-NH2 at pH ~7 are not 
stable (Figure 26 b). 
The small positive values of ζ-potential of ND-NH2 are in agreement with an incomplete 
conversion of COOH surface groups into amino groups, as evidenced by IR spectra (Figure 25). 
Because of the presence of both carboxylic and amino groups on the surface, ND-NH2 is an 
amphoteric material, and demonstrates basic properties in acidic environment due to the 
protonation of amino groups (ND-NH2+H+↔ND-NH3+). 
 
Figure 26: Particle size (zeta-average diameter) and ζ -potential of a) ND-COOH and b) ND-NH2 
in 0.1 wt. % aqueous dispersions as a function of pH. 
Thermogravimetric analysis (Figure 27) provides additional evidence of amino group 
present on NDs surface. A large peak at 150 – 350 °C seen on the differential thermogravimetric 
(DTG) curve of ND-NH2 and absent on the curve of ND-COOH can be deconvoluted into five 
peaks with maxima at 145, 185, 235, 265, and 295 °C, which were shown in literature to be 
characteristic for amino groups [221, 222]. Carboxylic groups, which normally decompose in the 
range 250 – 400 °C [223], have little or no contribution to this peak as evidenced by the curve of 
ND-COOH (Figure 27). 
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While it is unclear why ND-COOH shows no COOH decomposition peak, it can be 
hypothesized that the majority of COOH groups on NDs surface are located close to each other 
and form anhydrides, eliminating H2O when ND-COOH is dried or heated. 
Thus, combined results of IR spectroscopy, DTG, ζ-potential and particle size vs. pH 
measurements confirm that ND-NH2 produced according to Figure 24 has amino groups 
chemically bonded to its surface. As part of this work the number of grafted amino groups was 
determined as described in section 4.1.4.2. 
 
Figure 27: DTG curves of ND-COOH (red) and ND-NH2 (blue). Peaks in the temperature range of 
150 – 350 °C only observed for ND-NH2 are characteristic for amino groups.  
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3.1.2.4  Octadecylamine functionalized nanodiamond 
In order to produce hydrophobic ND, which can improve disperse ability in hydrophobic 
polymers such as PLLA used in this work (section 4.2), it is necessary to modify NDs surface 
chemistry. For this purpose hydrocarbon chains that allow controlling the properties of the 
interphase of the composites (Figure 1) can be grafted to ND (Figure 29 b), making ND 
hydrophobic at the same time. A simple wet chemistry route was established to obtain 
hydrophobic ND [140]. The reaction involves chlorination of purified ND (section 3.1.2.3), 
followed by reacting ND-Cl in a melt of octadecylamine (ODA) at 90 °C for 24h (Figure 28). The 
resulting ND is hydrophobic and blue fluorescent, termed ND-ODA (Figure 29 c) [140]. The 
reason for its blue fluorescence remains unclear until today. 
 
Figure 28: Sequence of reactions used for the synthesis of ND-ODA [140]. 
To confirm linkage of ODA to NDs surface, FTIR and TGA measurements were performed. 
Figure 29 a compares the FTIR spectra of purified, ND-Cl and ND-ODA. The presence of the 
amide I and II bands at 1550 and 1650 cm-1 confirm that ODA is covalently bound to ND rather 
than being adsorbed to its surface. 
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Figure 29: a) FTIR spectra of ND (1), ND acyl chloride (2), and ND-ODA (3). b) Schematic of ND-
ODA. c) Photograph of ND-ODA (0.004% wt) dispersion in dichloromethane with UV (365 nm) 
illumination [140]. 
For further confirmation, TGA measurements were performed on ND-ODA. Two maxima in 
weight loss are observed at ~ 250 and 450 °C. These values are in agreement with values 
reported for ODA-capped gold nanoparticles (260 and 500 °C) [224], where the two distinct 
peaks suggest two different binding modes of the alkylamine molecules, which might be 
explained by the decomposition of covalent bonded and wrapped alkylamine chains. Further 
studies are required to study this mechanism in detail. The observed decomposition 
temperatures support FTIR measurements and confirm covalent bonding of ODA to ND. 
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Figure 30: DTG curves of ND-COOH (red) and ND-ODA (blue). The weight loss in the 
temperature range of ~ 250 - 450 °C, only observed for ND-ODA, confirms bonding of ODA to ND. 
3.1.3 Manufacturing polymer-ND composites 
3.1.3.1 Epoxy-nanodiamond composites 
3.1.3.1.1 Epoxy-nanodiamond (as received) composites 
Epoxy-nanodiamond composites were produced using a solvent casting method [225]. For 
each sample, 2 g of Epon828 were dissolved under stirring in 3 g of THF in a 20 mL glass vial. 
Predetermined amounts of as-received ND powder were added to the solutions followed by 
bath sonication for 15 minutes. The resulting samples were stirred for 48 h at 55 °C in sealed 
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vials to assure uniform ND dispersion, followed by solvent evaporation for 24 h after opening 
the vials. Next, a predetermined amount of the curing agent PACM was added to the samples. 
For ND concentrations below 12.5 vol.% the composites were cured in 20 mm diameter 
aluminum molds for 2 h at 80 °C and 2 h at 165 °C following the standard curing procedure for 
the Epon828-PACM system after adding 28 pph (parts per hundred, i.e. 28 g per 100 g of 
Epon828) of the curing agent according to stoichiometry of this system [213]. Due to the high 
viscosity of epoxy-ND samples with contents higher than 7.5 vol.% ND, resulting wet ND/ND-
NH2-Epon828 pastes were transferred into 5 mm (samples for nanoindentation) and 20 mm 
(samples for bulk wear tests) diameter hot pressing molds and the curing agent was added. 
After hand mixing in the mold, the pastes were pressed at a load of 4 tonnes for 2 h at 80 °C and 
2 h at 165 °C following the curing procedure of the selected epoxy system (section 3.1.1.1). All 
produced samples were polished for subsequent tribological tests using a Struers RotoPol-22 
polishing machine after mounting them into Castolite; LECO, USA. The final polishing step was 
performed using an alumina polishing solution with an average particle size of 0.05 µm. All 
samples were cleaned in an ultrasonication bath prior to testing. 
3.1.3.1.2 Epoxy-nanodiamond (aminated) composites 
Epoxy-ND-NH2 samples were prepared with ND-NH2 (section 3.1.2.3) kept suspended in THF 
after the last synthesis step to avoid re-agglomeration during drying. The concentration of ND-
NH2 dispersed in THF was determined by weighing the solid residual after solvent evaporation. A 
predetermined amount of this suspension was added to each sample in order to achieve the 
desired concentration of ND-NH2. ND-NH2 dispersed in THF was mixed with Epon828 dissolved 
in THF, following the solvent casting method [225]. For comparison epoxy-ND-NH2 composite 
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with dried ND-NH2 powder were prepared as well. Epoxy-ND-NH2 composites were cured using 
the same procedure described in section 3.1.1.1. 
3.1.3.2 PLLA-ND composites 
PLLA (1 g) (PL32, Gorinchem Inc., Netherlands) was dissolved in 20 ml of chloroform (Sigma 
Aldrich). Predetermined amounts of as received ND and ND-ODA (sections 3.1.2.1, 3.1.2.4) were 
weighed with an analytical balance (AB54-S/FACT Classic plus, Mettler-Toledo Inc., Columbus, 
OH) and transferred into 20 ml glass vials. Next, 10 ml of chloroform were added and the 
ND/chloroform mixtures were sonicated for 30 min with a high-power horn ultrasonication 
processor (Geneq Inc.,France). After sonicating the dispersions of ND-ODA/chloroform were 
mixed with the PLLA/chloroform solution. In a last step the solvent was evaporated under 
continuous stirring for 2 days at room temperature. The resulting thin films were dried under 
vacuum and processed as described in section 3.2.2.1.1. 
3.2 Methods 
3.2.1 Characterization of nanodiamond and nanodiamond-composites 
To gain detailed information regarding the properties of ND and polymer-ND composites, it 
is required to use various, complementary characterization techniques. Depending on the 
utilized physical effect of each characterization technique, the different features and properties 
of ND and polymer-ND composites such as the degree of graphitization (Raman, XPS, NMR), its 
surface functionality and thermal properties (FTIR, XPS, NMR, Raman, DSC, TGA), particle size 
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(Raman, DLS, UV-Vis, SEM, TEM) or morphology (AFM, light microscopy) can be studied. 
Regarding the mechanical and tribological characterization of polymer-ND composites 
nanoindentation, tensile/compression, pin-on-disk and AFM measurements were performed 
using various specimen geometries to evaluate the different mechanical properties. The 
characterization techniques used in this study are introduced below. The interested reader is 
referred to literature for more detailed information regarding the used instruments. 
3.2.2 Mechanical characterization 
To capture mechanical properties across the different length scale ranges from macro to 
nano, various characterization techniques were used and are introduced in the following 
sections. Macroscopic properties were measured using compression, tensile and pin-on-disk 
tests. Microscopic properties were evaluated using nanoindentation, indentation and sliding 
test. AFM measurements were performed to gain new insights on the tribological performance 
on the nanoscale and to investigate reinforcing mechanisms. 
3.2.2.1 Mechanical testing of macroscale samples 
3.2.2.1.1 Compression and tensile testing 
Compression and tensile test samples of neat PLLA and PLLA-ND composites were prepared 
by molding dried composite thin films (section 3.1.3.2). For compression tests 4 cm long 
cylinders with a diameter of 6 mm were produced and cut to a length of 12mm according to the 
ASTM standard D695-02a. To acquire reliable data the specimen need to have perpendicular 
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surfaces, achieved by turning the specimen. The prepared specimens were tested using a 5 kN 
load cell on a MTS servo-controlled hydraulic system (MTS Systems Co, EdenPrairie, MN, USA). 
Displacements were monitored using the linear differential transformer built into the crosshead 
of the MTS machine, and were corrected with a machine compliance procedure. Two steel 
plates, one being plain rigid and the other spherically seated, were used to load the specimen. 
Due to the evident role of friction in compression testing, particularly at large strains, the 
surfaces of both steel plates were lubricated with extra virgin olive oil to decrease frictional 
effects. The compression tests were carried out at a strain rate of 1mm/min; six specimen were 
tested for each sample. 
Tensile specimen were molded into sheets with dimensions of 20 × 20 cm2, having a 
thickness of 0.8 mm. The sheets were cut into dog-bone shaped specimen with a neck length of 
12 mm, having a width of 3 mm. Tests were performed on an Instron testing machine (Instron 
Co, Norwood, MA, USA) with a 30 kN load cell. A fixed lower and a free-moving upper 
mechanical wedge grip were used to clamp the samples. Local displacement was determined 
with a laser extensometer measuring the distance between appropriately placed strips of 
reflective tape (gauge region) on the specimen surface. The tensile tests were carried out at a 
strain rate of 1 mm/min. For each composite nine specimens were tested. Fracture energy 
values were calculated from the area under each tensile stress-strain curve. Both, compression 
and tensile tests were performed at room temperature. 
3.2.2.1.2 Fracture toughness tests using compact tension specimen 
To determine the fracture toughness of epoxy-ND composites, compact tension specimen 
were produced according to ASTM standard D5045-99. This specimen geometry requires only 
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small sample amounts. To introduce the required pre-cracks, razor blades were used. To ensure 
consistent specimen properties a new razor blade was used for each sample, being slit 2 times 
through the machined notch. Samples were tested at a cross-head speed of 1mm/min. 
Recorded stress-strain curves were used to calculate KIC (plain-strain fracture toughness) and GIC 
(toughness) 
3.2.2.1.3 Vickers indentation 
Vickers hardness was measured using a Vickers indenter M400, Leco Corp. with various 
loads. By measuring the imprint diagonal length (mm) after testing using light microscopy, 
Vickers hardness was calculated according to equation 3.1. 
 2
P
VH =
d  
3.1 
3.2.2.1.4 Pin-on-disk tribology tests 
To evaluate the tribological properties of bulk epoxy composites, pin-on-disk measurements 
were performed. These tests give insights on how the produced epoxy-ND composites can 
perform, for example, in dry friction applications such as being used in bearings [172]. 
Measurements were performed in open air (35-40% RH) using a (Nanovea tribometer) 
under a load of 5 N. Sintered alumina and AISI 52100 steel balls with diameters of 3/8” were 
used as counter-bodies. The testing time for the alumina counter-body was 45 min and it was 
480 min for the steel counter-body. Surfaces of the worn composites and the counter-bodies 
were analyzed using an optical surface profilometer (KLA Tencor, MicroXAM). Line scans were 
performed using a non-contact MicroXAM profilometer. Friction coefficients were measured 
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continuously at a rotation speed of 10 rpm and over a 10 mm track diameter. Reported average 
friction coefficients were calculated from the data collected in the sliding distance range of 0-6 
m and 9-14 m. Friction forces were recorded continuously by a data acquisition system. Values 
of friction coefficients were automatically calculated and tabulated in data tables from which 
the friction coefficient vs. distance diagrams were extracted. Using the Micro XAM non-contact 
profilometer, line scans of wear tracks and counter-bodies were obtained and used to assess the 
wear damage and calculate surface roughness. 
3.2.2.2 Microscale mechanical testing 
3.2.2.2.1 Nanoindentation 
Theory of nanoindentation. Nanoindentation is a unique indentation technique that allows 
for the measurement of various mechanical properties, where only small sample amounts and 
only minimal sample preparation is required. In contrast to traditional indentation techniques 
such as Vickers indentation, where the imprint size is evaluated after loading, nanoindentation 
allows for the continuous measurement of load and displacement. The nanoindentation system 
“Nanoindenter XP” used in this study is shown in Figure 31 a. A stiff machine frame insures 
minimal machine compliance. Capacitor-based displacement sensing allows for nanoscale 
resolution, giving nanoindentation its name. Load is applied using an electromagnetic actuator. 
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Figure 31: a) NanoindenterXP at Drexel University. Inset: Berkovich indenter. The actual 
indentation tip has a diameter of ~ 300 µm, where the geometries of the contacting part vary. b) 
Schematic describing typical features and parameters that can be extracted from load-
displacement curves [226]. 
In return it becomes possible to measure various mechanical properties such as Young’s 
modulus, hardness, creep or fatigue. These properties can be extracted from the load (P)-
displacement (h) curves recorded in a nanoindentation experiment. A typical load-displacement 
curve is shown in Figure 31 b, having loading (elastic; elastic-plastic) and unloading (elastic; 
plastic) regimes. From the measured curves the following values can be extracted being the 
basis for further calculations: hr (residual impression depth), he (elastic reloading depth), ht 
(penetration depth) and the initial slope of the unloading curve dP/dh (stiffness), allowing to 
evaluate the elastic response, including Young’s modulus of the material (Figure 31 b) [226]. 
However, before hardness and Young’s modulus can be calculated it is essential to 
determine the area of contact. The area of contact depends on the indenter geometry (Figure 
32 a), and the indentation depth (h). To relate the area of contact to indentation depth a so 
called area function A(h) is required, where its complexity depends on the indenter geometry. 
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From this stand point it is beneficial to use Berkovich indenters (Figure 32 a), since the 
relationship between indentation depth and the area of contact is given by a simple equation: 
 2
pA(h) = 24.5h  3.2 
 
However, depending on the material properties other indenter geometries need to be 
selected. Sharp indenters, such as the Berkovich indenter, are optimal to measure the 
properties of high modulus materials, especially thin films but are not applicable for polymers. 
For soft materials a larger area of contact is required, since a larger area of contact results in a 
higher sensitivity of the nanoindenter. For polymers and polymer composites, spherical 
indenters are commonly used (Figure 32 a). 
 
Figure 32: a) Different indenter geometries used for nanoindentation experiments. b) Geometry 
of a spherical indenter and the impression under load (bold, black line), and after removing the 
load (dotted line) [226, 227]. 
The problem of elastic contact of spherical indenters is more complex and was first solved 
by Hertz [228]. On the basis of his work Oliver and Pharr developed a simple method that allows 
for the calculation of Young’s modulus and hardness from nanoindentation experiments being 
based on equations 3.3-3.7 [229]. 
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In the above equations Eeff is the Young’s modulus calculated from the data recorded in a 
nanoindentation experiment, being the combined Young’s modulus of the specimen and the 
indenter. To obtain Young’s modulus of the specimen (Especimen) it is required to account for the 
Young’s modulus of the indenter (Eindenter) according to equation 3.3. Most nanoindentation tips 
are made from diamond. Thus, a Young’s modulus of 1220 GPa can be assumed. The values of ν 
and ν’ correspond to the Poisson’s ratios of the indenter and specimen respectively. S and Ri are 
the stiffness signal (dP/dh) and the radius of the indenter. 
Furthermore, by applying a frequency onto the indenter while indenting, it becomes 
possible to measure Young’s modulus as a function of displacement. Since the indenter is 
continuously loaded and unloaded, the stiffness (dP/dh) can be recorded as a function of 
indentation depth, being the basis for calculating Young’s modulus. This feature is commonly 
referred to as a continuous stiffness measurement (CSM). It was recently shown that the 
stiffness signal recorded as a function of indentation depth can be further used to extract stress-
strain curves of materials when spherical indenters are used [230-232]. The obtained stress-
strain curves can give further information regarding the material properties, such as calculating 
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the fracture energy from materials. Stress-strain curves, calculated in this study are based on 
the approach of Kalidindi et al [231], introduced below. 
However, these manual analysis techniques are time consuming and consider a perfectly 
spherical geometry of the indenter, which is usually not the case. For example, imperfections 
introduced during the manufacturing process of the indenter heads can lead to deviations from 
a perfect spherical geometry. To overcome this issue more complex area functions need to be 
generated that represent the actual shape of the indenter. This can be achieved by performing 
AFM scans of the indenter tip prior to performing the measurements or performing calibration 
measurements on a reference material with known Young’s modulus. When Young’s modulus is 
known and indentation depth is measured, it becomes possible to generate an area function, 
where the degree of the polynomial can be varied depending on the desired accuracy: 
 2 1 1/2 1/41 C 2 C 3 C 4 CA = C h + C h + C h + C h +...  3.8 
Area functions used in this work were generated using the “MTS Testworks analyzer” 
software, performing calibrations measurements on a polished aluminum reference sample. 
With the generated area functions, Young’s modulus and hardness values were calculate 
using the software “MTS Testworks 4.09”, calculations being based on equations 3.2-3.7. 
Indentation experiments were performed with a strain rate of 0.03 s-1, and stopping 
experiments at a maximum load of 20 mN. Reported Young’s moduli in this study are the 
average values of ten measurements calculated at indenter displacements of 0.4-1 µm using a 5 
µm radius spherical indenter tip. To measure creep, load was held constant for 30 sec., when 
reaching the maximum load. Thermal drift correction was applied to account for inaccuracies 
introduced by the electronic components of the nanoindentation system.  
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Conversion into stress-strain curves. To convert load-displacement curves into stress-
strain curves the approach introduced by Kalidindi et al. was applied [231]. The major difference 
to other analysis techniques is a new assumption for the elastic strain: assuming that the elastic 
displacement he (elastic displacement, Figure 32 b) is the same as the one measured by the 
nanoindentation system, ht (total displacement, Figure 32 b), in the elastic part of the 
indentation experiment, the following equations allow to calculate stress (σind), strain (εind) and 
Young’s modulus (Eeff): 
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The values of P (load), S (stiffness) and ht are measured by the nanoindentation system and 
can be assumed as given. The radius of contact is defined as “a” (Figure 32 b), where Ri in 
equation 3.11 is the indenter radius and is assumed to be perfectly spherical. It should be noted 
that hc is the displacement of contact and equals hp in Figure 32 b.  
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However, if the exact point of contact is unknown these calculations are inaccurate in the 
initial part of the indentation experiment, resulting in inaccurate values of the contact radius 
“a”, and thus misleading strain and stress values. To overcome this issue the authors have 
introduced a simple procedure to correct the zero-point of indentation experiments. The 
corrected value of the load at contact (P0) and zero displacement (h0) can be obtained when 
rearranging equation 3.15 into equation 3.16 and substracting P* and h*, being the intercept 
with the Y-Axis and the slope of the plotted data, from the initially measured values. 
 *
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Scratch resistance. To evaluate the scratch resistance of epoxy-ND composite, scratch 
tests were performed using a 1.4 µm radius spherical indenter tip at a constant load of 10 mN 
over a distance of 100 µm. The cross-sections of the scratches were analyzed using an optical 
profilometer, Zygo NewView 6000 at the beginning, middle, and the end of the scratch. 
Friction coefficient. Microscale friction coefficients of epoxy-ND composites were 
measured using a 100 µm radius diamond indenter to minimize plastic deformation. Five 
measurements per sample were performed at a fixed displacement of 300 nm to ensure a close 
to constant contact area over a sliding distance of 250 µm and an indenter velocity of 10 µm/s. 
Each sliding test was performed in a single forward pass of the indenter. Friction coefficients 
were calculated from the lateral and normal loads. Reported friction coefficients are the average 
values of 5 measurements. 
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Nanoindentation at elevated temperatures. Nanoindentation at elevated temperatures 
(25-125 °C) was performed using a MTS heating stage. Samples were mounted onto the heating 
stage using a thermally conducting epoxy. Special attention was paid to adjust sample height to 
avoid damage and thermal drift of the nanoindenter head and tip (Figure 31 a). A 100 µm 
radius spherical indenter tip was used to reduce thermal drift. A strain rate of 0.03 s-1 and a 
maximal load of 40 mN were applied during indentation experiments. Each sample was tested at 
10 random locations following this protocol. Reported Young’s moduli in this study are the 
average values of ten measurements measured at indenter displacements of 1-1.4 µm. 
3.2.2.3 Nanoscale characterization using Atomic Force Microscopy 
3.2.2.3.1 Probing octadecylamine functionalized nanodiamond 
To probe the functionalization of ND-ODA, AFM measurements were performed at the Oak 
Ridge National labs by Dr. Senli Guo. Due to a recently developed multifrequency scanning 
procedure, the spatial resolution was significantly improved, giving new insights into the unique 
morphology of nanodiamond. All measurements were performed on an Asylum Cypher 
microscope (Asylum Research, Santa Barbara, CA) with an ARC-2 controller. Rectangular silicon 
tips (AC240TS, Asylum Research) with a specified tip radius of 9 nm were used for all 
measurements. The system was augmented by a home-built band excitation (BE) controller 
implemented on a National Instruments PXI platform with PXI-5122 and PXI-5412 cards. The 
control systems for the Cypher and BE systems were run from the same computer and utilized 
by using activeX for communication between the Labview/Matlab software, controlling the high-
speed signal generation and acquisition system and the microscope control software. During the 
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measurements a single frequency signal at one eigenmode of the freely vibrating cantilever was 
mixed with a frequency band including the resonance of one of the other eigenmodes through 
the ARC-2 controller and then the mixed signals were applied to the shaker to excite the 
cantilever. The full cantilever response was collected at a rate of 4 MHz. Purified ND and ND-
ODA were dispersed in chloroform (99.9% purity, Arcos Corp.). A droplet of these solutions was 
deposited on mica disks for further AFM characterization. More detailed description of this 
method can be found in [233]. 
3.2.2.3.2 Probing epoxy-nanodiamond composites 
The interphase of epoxy-ND composites was studied using AFM. Measurements on epoxy-
ND composites were performed at the University of Pennsylvania by Dr. Jason Bares. Neat epoxy 
and epoxy-ND composites were characterized using an Agilent PicoPlus 5500 AFM. Prior to 
imaging, samples were rinsed with methanol and dried under flowing dry nitrogen gas. A 
rectangular silicon cantilever (MikroMasch; San Jose, CA) with a normal stiffness of 0.54 N/m 
was used for contact mode imaging in ambient air. Topography and friction voltage signals were 
recorded for each contact mode scan. The normal cantilever stiffness was calibrated using the 
Sader method [234], and friction forces were calibrated using the wedge method [235, 236].  
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3.2.3 Other characterization techniques 
3.2.3.1 Differential Scanning Calorimetry 
DSC studies were performed using a DSC Q2000 from TA instruments. All experiments were 
performed in N2 atmosphere at a flow rate of 20 ml/min. About 10 mg of the epoxy and epoxy-
ND mixtures were placed in aluminum crucibles and subsequently sealed. Samples were 
analyzed in a temperature range of 40 – 200 °C using a heating and cooling rate of 10°C/min. 
To estimate the number of amino groups grafted to ND-NH2, about 2-4 mg of ND-NH2 were 
placed by dropping THF-ND-NH2 solutions into aluminium DSC crucibles. The amount of heat 
evolved in the temperature range of 60 – 163 °C was used for further calculations described in 
more detail in section 4.1.4.2. 
To measure the thermal conductivity of neat epoxy and epoxy-ND composite the procedure 
described in [237] was used. 
For PLLA and PLLA-ND/ND-ODA composites the same heating and cooling rates were used 
as for epoxy samples. To maximize the contact area of the PLLA samples, thin discs of the 
composite were cut from the bulk polymer samples and placed in aluminium crucibles followed 
by sealing with lids. 
3.2.3.2 Thermogravimetric Analysis 
Thermo gravimetric analysis (TGA) was performed using a TA Q50. In a TGA measurement 
the weight loss of a sample is recorded as a function of temperature. Depending on the amount 
and temperature onset of the weight loss it is possible to determine the kind of functional 
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groups that are grafted to NDs surface. Measurements were performed in N2 atmosphere to 
avoid oxidation and burn-off of ND, using a heating rate of 5 °C/min in a temperature range of 
30-1000 °C. For data analysis purposes it can be helpful to calculate the temperature differential 
of the mass loss to obtain differential thermal analysis (DTA) – curves using equation 3.17. 
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3.2.3.3 FTIR spectroscopy 
Fourier Transform Infrared (FTIR) spectroscopy was used to measure the kind of functional 
groups grafted to NDs surface. In this work the FTIR spectrometer (Varian Excalibur FTS-3000) 
was used. Samples were prepared by mixing ~ 200 mg potassium bromide (KBr) with ~ 1.5 mg of 
sample. It is advised to use larger sample amounts, about 5 times as much material as needed, 
to insure accurate concentrations. Pellets of the mixtures were prepared by pressing under a 
load of 9 tonnes. FTIR spectra were recorded in the range of 400 – 4000 cm-1 at a resolution 
ranging between 0.5-4 cm-1. 
3.2.3.4 Dynamic Light Scattering 
Particle size and ζ-potential of ND were measured at 20 °C in back scatter configuration 
using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., UK) equipped with a 10 mW He-
Ne laser (633 nm) and an MPT-2 autotitrator. 
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3.2.3.5 UV-Vis-Nir Spectroscopy 
UV-Vis spectra were recorded using a “Evolution 600” manufactured by Thermo Scientific. 
Thin films of the samples were produced by curing the epoxy and epoxy-ND mixtures in 
aluminum molds. Absorption spectra of epoxy and epoxy-ND composite were recorded in the 
range of 190-900 nm at a scanning rate of 30nm/min. 
3.2.3.6 Transmission Electron Microscopy 
The cured composite samples were sectioned by a diamond knife with an Ultramicrotome 
Leica Ultracut EM UC6 at room temperature. The sections showed a golden color, which 
indicates their thickness to be of about 100 nm. These thin films were transferred from water 
onto 200-mesh Cu grids. Bright-field TEM images were taken from several spots on the films 
with a JEOL JEM 2100 microscope at 200 kV. 
3.2.3.7 Scanning Electron Microscopy 
To investigate the degree of wear of epoxy and epoxy-ND composites SEM measurements 
were performed using a Scanning Electron Microscope (Zeiss Supra 50VP) with an EDS (Oxford) 
attachment. The morphology of PLLA fracture surfaces were visualized in an XL-30 
Environmental Scanning Electron Microscope (SEM, Philips) after coating the samples with 
carbon, using an acceleration voltage of 10 kV. 
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3.2.3.8 Rheometry 
To measure viscosities a TA Instruments AR Rheometer was used. Shear rates in the range of 
50 to 200 1
𝑠
 were selected. A rheometer geometry with an angle of 4° was selected to insure 
constant shear rates along the radius of the geometry [238]. 2 g of polymer or polymer-ND 
mixture were placed on the Rheometer plate after calibrating and zeroing the gap. After setting 
the Rheometer to the desired gap height, excess materials was removed to avoid experimental 
errors.  
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4 Results 
4.1 Epoxy-nanodiamond composites 
4.1.1 Modeling of epoxy-nanodiamond composite Young’s modulus 
4.1.1.1 Rule of mixture & Lewis and Nielsen model 
To investigate the potential of ND for polymer matrix reinforcement, calculations based on 
the rule of mixture and a model developed by “Lewis & Nielsen”, introduced in section 2.1.1.2.1, 
were performed. For these calculations a Young’s modulus of 3.8 GPa for neat epoxy, 
determined by analyzing stress-strain curves calculated from nanoindentation experiments 
(section 3.2.2.2.1), and 1220 GPa (diamond properties) for ND were used. Results are compared 
in Figure 33. The difference in Young’s modulus between the predicted upper- and lower 
bounds of the rule of mixture are tremendous. According to the upper bound, even smallest 
additions of ND result in large increases in Young’s modulus, where the lower bound predicts 
only minimal reinforcement even at high ND concentrations. As shown in Figure 4, this model 
assumes continuous fibers as the reinforcing phase. Due to the random distribution of the 
spherical ND particles in the polymer, this condition is not met and the rule of mixtures is not 
valid. For stiff polymer matrices reinforced by particulates, the “Lewis-Nielsen” model, based on 
the Kerner equation [8], is applicable and was used to predict Young’s moduli of epoxy-ND 
composites considering a strong (no slippage) and weak (slippage) interface. From these 
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calculations it can be concluded that, i) Young’s modulus can be improved due to the addition of 
ND. However, for example to double Young’s modulus with as received material, high loadings 
(20 vol.%) of ND are required. ii) A strong interface (no slippage between polymer and filler), is 
required to maximize properties. It should be mentioned that these calculations do not consider 
the properties of the interphase, eventually underestimating Young’s moduli of 
nanocomposites. However, in the case of as received ND and epoxy, the formation of an 
interphase is not expected. Experimental results are compared with the predicted values in 
section 5.1.1. 
 
Figure 33: Young’s modulus as a function of volume fraction of ND modeled by the rule of 
mixture and the Lewis-Nielsen model.  
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4.1.1.2 Dependence on agglomeration and dispersion 
As described in section 2.3.2, ND has a strong tendency to form agglomerates. These 
agglomerates have very different properties than ND itself, depending on their size and 
structure (such as porosity) of the agglomerates [39]. To understand the effect of agglomeration 
and dispersion on epoxy-ND Young’s modulus, a micromechanics homogenization method 
(MHM) (section 2.1.1.2.2) was used. This method requires the evaluation of Young’s modulus 
(experimentally) and of TEM images of the same location at different magnifications 
(schematically shown in Figure 34), to qualitatively assess the state of ND dispersion and 
agglomeration. Analysis was performed on a composite containing 7 vol.% ND-NH2. Based on 
the subdivisions schematically shown in Figure 34, the window size, ratio  and shown in 
Table 4.1 were computed. 
Table 4.1: Quantification of microstructural features using image analysis 
Window Size [μm2] 1 2.25 4 16 32.6 
δ 7.7 11.6 15.5 30.9 44.1 
ND vol. (%) 2.9 4.8 6.2 7.9 7.3 
As the size of the subdivisions increases the  ratio also increases and the computed  
values approach, within sufficient accuracy (error is less than 5% for the fifth subdivision), the 
actual  of 7 vol.% in the composite. Accordingly, the fifth subdivision shown in Figure 34 
defines an MR suitable for quantitative calculations of effective mechanical properties. 
Furthermore, the agglomerate aspect ratio α  (equation 2.8) was found to be equal to 2.5, a 
value which is used for modeling as described below. 
δ NDυ
δ NDυ
NDυ
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Figure 34: TEM image of an epoxy-ND-NH2 composite using ND-NH2 stored in THF suspension 
after the synthesis prior to composite manufacturing. Different magnifications were used to 
evaluate the state of ND dispersion and agglomeration .In addition to these parameters,  
and  can be determined using an imaging software, allowing to evaluate the 
agglomeration index  and the dispersion index  of the actual composite (section 2.1.1.2.2). 
To estimate Young’s modulus and hardness of ND-agglomerates, values measured on epoxy 
composites containing highest loadings of ND (50 vol.% ND) were used (section 5.1.1). At these 
high concentrations, the composite material can be thought of as a ND network infiltrated by a 
polymer acting as a binder, coming close to the conditions expected in an ND agglomerate. 
Using these values the MHM can compute Young’s modulus as a function of agglomeration
 and dispersion . The effect of agglomerate size (smaller  translate into larger 
MMV
agglomeratesV
ξ ζ
ξ ζ ξ
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agglomerates) and dispersion (smaller  corresponds to a more uniform dispersion) on Young’s 
modulus for a composite containing 7 vol.% ND-NH2 are shown in Figure 35. 
 
Figure 35: Dependence of Young’s modulus on agglomerate size and the state of dispersion as 
predicted by MHM for an epoxy-ND-NH2 composite containing 7 wt.% ND-NH2. 
The curves in Figure 35 show computed bulk Young's moduli for various agglomeration and 
dispersion indices. The value of 3.85 GPa computed by the MHM in the case of significant 
agglomeration ( 0.1ξ = ) and non-uniform dispersion ( 1ζ = ) is close to the experimental value 
of 3.8 ± 0.2 GPa for a 7 vol.% ND-NH2 composite (section 4.1.4.3.1). Furthermore, as 
agglomeration becomes less pronounced (higher ξ values) and dispersion becomes better (ζ
values less than 1), the computed Young's modulus values tend to 4.45 GPa (Figure 35). 
According to the MHM the increase in Young’s modulus is largest for agglomeration indices 
ξ  in the range of 0.1 – 0.4. Thus, even a slight reduction of agglomeration of ND dispersed in a 
ζ
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polymer may result in significant improvements in Young’s modulus. Therefore, further efforts 
need to be focused on improving the dispersion of ND-NH2 in the epoxy matrix. 
4.1.2 Improving dispersion of nanodiamond by milling 
To reduce agglomerate size and improve dispersion of ND, milling has proven effective. For 
milling, attrition mills using steel or zirconia beads are used [164]. Especially in combination with 
milling media such as sugar or salt, agglomerate size of ND is significantly reduced and colloidal 
aqueous suspensions can be produced [119]. However, the application of these colloidal 
solutions for composite manufacturing is limited to water soluble polymers such as 
polyallylamine (PAH). Also, milling with steel balls, no additional milling media was added, can 
improve dispersion of epoxy-ND mixtures as shown in Figure 36. 
When added to tetrahydrofuran (THF), ND (as received) forms self-assembled structures, 
consisting of ND-agglomerates with diameters of about 1 µm (Figure 36 a, b). This 
phenomenon is also observed in cured epoxy-ND composites as described in section 4.1.3.1. 
Dispersions of as received ND in THF-epoxy solutions (ratio of 1:1, wt.%) do not show self-
assembled structures, probably resulting from reduced attractive interactions between ND 
particle due to adsorbed epoxy molecules (Figure 36 c, d). At the same time agglomerate size 
appears to be slightly increased, where large clumps with diameters of up to 10 µm are 
observed (Figure 36 d). Milling significantly reduces agglomerates size for as received ND 
(Figure 36 e, f) and for aminated ND-NH2 (Figure 36 g, h). As suggested by computational 
models, mechanical properties, such as Young’s modulus, are expected to increase due to 
decreased agglomerate size (section 4.1.1.2). Further experimental studies are required to 
investigate the mechanical properties of composites produced with milled epoxy-ND mixtures. 
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Figure 36: a) low, b) high magnification light micrographs of as received ND dispersed in THF. 
Self-assembly of ND particles is observed. ND agglomerates of about 1 µm in diameter are 
present in these solutions. c), d) micrographs of ND mixed into a solution of the epoxy Epon828 
and THF being part of the manufacturing process of epoxy-ND composites. e), f) micrographs of 
the same mixtures after milling for 3h and g), h) mixtures made with aminated ND-NH2. 
4.1.3 Properties of composites made with as received nanodiamond 
4.1.3.1 Structure and morphology 
TEM micrographs and models of epoxy-ND composites with low and high concentrations are 
shown in Figure 37 and Figure 38. At low concentrations ND particles aggregate and form large 
sparse clumps in the polymer matrix (Figure 37 a; Figure 38 a). 
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Figure 37: a) TEM micrographs showing agglomeration at low concentrations (2 vol.%) of ND 
due to strong particle interactions and b) the formation of an interconnected network at high 
concentrations of ND (25 vol.%). 
 
Figure 38: a) Models of a low and b) high concentration ND composite. At high ND 
concentrations, the composite material can be thought of as a ND network infiltrated by a 
polymer acting as a binder. 
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To eliminate dispersion issues (section 4.1.1.2 and 4.1.4.1) and achieve maximum 
reinforcement, samples with concentrations of up to 50 vol.% ND were produced. From 
theoretical considerations the interparticle distance becomes short at these high 
concentrations. Even at concentrations of 12 vol.% ND, the interparticle distance is only 3 nm 
(i.e., less than the diameter of a single ND particle), suggesting that the particles are coming into 
direct contact with each other (Figure 39, equation 4.1). 
 /πτ R( )
φ
1 34=
3
 4.1 
With larger particles, i.e. 10 nm nanosilica, similar interparticle distances are achieved only 
at higher concentrations. 
 
Figure 39: Relationship between the volume fraction of the filler and the interparticle distance. 
In comparison to nanosilica, the interparticle distance of nanodiamond composites is smaller at 
lower concentrations and saturates earlier. 
Thus, at high ND concentrations, the composite material can be thought of as a ND network 
infiltrated by a polymer acting as a binder (Figure 38 b). The composite consists of an 
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interpenetrating diamond skeleton, polymer filling the voids in this skeleton. Therefore, this 
technique provides a way to manufacture a variety of shapes made essentially of diamond 
particles, to some extent addressing the problem of ‘‘the first shape being the final shape’’ that 
limited industrial applications of diamond for many years [239]. 
To verify that the actual structure of epoxy-ND composites is comparable to the one shown 
in the schematic above, TEM studies were performed. TEM images of composites are shown in 
Figure 37 a and b. In a 2 vol.% ND sample (Figure 37 a) large agglomerates are formed 
whereas in the 25 vol.% ND sample (Figure 37 b) particles form an interconnected network. 
It should be mentioned that this photograph is a 2-D projection of a 3-D structure and the 
real distribution of ND in the 3-D space is less dense than could be concluded from the image. 
Thus, further measurements were performed to study the 3-dimensional structure of epoxy-
ND composites. Measuring the morphology of a cross-section gives information regarding the 
structure of the composite, where the 2-dimensional information from light microscopy can be 
related to the properties of the 3-dimensional body when images at various sample heights are 
taken. 
Light micrographs of cross-sections of epoxy-ND composites produced from as received ND 
(UD90) were taken and are shown in Figure 40. Since studies of epoxy-ND composites made 
with as received ND focus on maximal achievable properties, composites with high 
concentrations were produced. 
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Figure 40: Light micrograph of epoxy-ND composites produced with as received ND (UD90) with 
concentrations ranging from 10 - 60 wt.% ND-UD90. The scale bar for all samples is shown in 
Figure a). 
All composite samples have a checkered morphology after polishing. This is an indication for 
an increased wear resistance of ND-epoxy agglomerates that withstand polishing with silica 
solution, whereas the softer polymer matrix is removed. The tribological properties of epoxy-ND 
composites are discussed in more detail in section 4.1.5. 
At a ND content of 10 wt. %, agglomerates having sizes in the range of 10-100 µm are 
observed. Adding higher concentrations of ND to epoxy results in a further increase in 
agglomerate size to 200 µm for composites containing 20 wt.% ND and 1000 µm for composites 
made with 40 wt.% ND. At 60 wt.% ND a homogenous surface morphology is observed, where 
only small islands with lower concentrations of ND are present. Thus, this composite can be 
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thought of as a composite consisting of ND being infiltrated by epoxy as schematically shown in 
Figure 38 b. 
In a next step the morphology of single ND-epoxy agglomerates was studies using AFM 
(Figure 41). AFM scans reveal ND-epoxy clusters contained within the ND-epoxy agglomerates, 
having sizes in the range of 50-200 nm. The number of these ND-epoxy clusters depends on the 
concentration of ND in the entire composite. Assemblies of ND-clusters measured for locally 
varying ND concentrations are shown in Figure 41 a and b. Low ND content results in a smaller 
number of ND clusters (Figure 41 a), where high ND contents result in a larger number of these 
ND clusters (Figure 41 b). This observation is in agreement with the considerations state in 
section 2.1.1.2.2 addressing modeling of nanofiller composites, where it is differentiated 
between the total nanofiller concentration in the composite ( ), the nanofiller concentration 
within nanofiller agglomerates ( ) and the polymer-nanofiller matrix ( ). 
 
Figure 41: AFM scans on an epoxy-ND composite with locally varying ND concentration. a) 
Lower ND content results in a smaller number of ND-clusters. b) Higher ND content results in a 
larger number of ND clusters. 
NDυ
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To measure the actual 3-dimensional structure of the composites a “Micro Computed 
Tomography System” (MicroCT, Skyscan 1172) was used. This technique is based on the 
dependence of absorbance on the elemental composition of a material. A scan of a composite 
containing 25 vol.% of as received ND is shown in Figure 42. According to these scans, 
agglomerates of up to 300 µm in diameter are present in the epoxy-ND composite. These 
agglomerates are expected to have unique properties, such as high hardness as described in 
section 4.1.5.1.1. 
 
Figure 42: Micro-CT scan of an epoxy-ND composite containing 25 vol.% ND. Due to their higher 
density than epoxy, ND-agglomerates contained within the polymer can be measured. 
When comparing the obtained results, it becomes clear that epoxy-ND composites have a 
self-similar, repeating pattern, also known as a fractal pattern. An example of a fractal pattern is 
shown in Figure 43 a. From the nano- to the macroscale, single ND particles agglomerate, 
forming ND-epoxy agglomerates infiltrated by epoxy having sizes of ~ 200 nm (Figure 43 b, c 
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and d (low and high content)). The size and number of these clusters depends on the total ND 
content within the polymer-ND composites. Next, these smaller ND-agglomerates form large 
agglomerates. These larger agglomerates have sizes of up to 200 µm, where their number and 
size again depend on the ND concentration in the composite (Figure 43 e (low and high 
content)). 
 
Figure 43: a) Example of a fractal pattern. The pattern of epoxy-ND composites appears to be 
self-similar across different length scales, thus following the principle of a fractal pattern. b) TEM 
image of a single ND particle [240]. c) TEM images of epoxy-ND composites with low (left) and 
high (right) concentrations of ND. d) AFM scans of ND agglomerates having sizes of about 
100nm. At low (left) concentrations their number is lower than in composites with high (right) 
concentrations of ND. e) Light micrographs of epoxy-ND composites with low (left) and high 
(right) concentrations of ND. Macroscopic agglomerate size is directly related to ND 
concentration as well. 
98 
 
 
4.1.3.2 Mechanical properties of epoxy-ND composites 
4.1.3.2.1 Young’s modulus of epoxy- ND composites 
Young’s moduli of epoxy-ND composites with various ND concentrations were measured 
using nanoindentation (section 3.2.2.2.1). To investigate the maximal achievable Young’s 
modulus, this section focuses on epoxy composites produced with high contents of as-received 
ND. According to the model of close packing of equal spheres, the maximal concentration of ND 
is ~74 vol.%, when assuming a spherical shape of ND particles. However, at high concentrations, 
manufacturing becomes difficult due to the increased viscosities (section 4.1.5.2). Since the 
amount of used polymer is small, the obtained polymer-ND mixture is a powder rather than a 
melt. To overcome this issue, hot pressing can be applied. Epoxy resin-ND mixtures with ND 
concentrations of up to 50 vol.% can be processed when using hot pressing (section 3.1.3.1.1). 
Beyond this concentrations curing is not or only partly possible. 
Load-displacement curves measured on neat epoxy and composites containing up to 25 
vol.% ND are shown in Figure 44 a. 
The maximum displacement decreased from 2434 nm for neat epoxy to 890 nm for the 25 
vol.% ND sample, indicating a significant increase in hardness as discussed in more detail in 
section 4.1.3.2.2. Also, the unloading behavior of samples with low and high ND contents 
changes at concentrations of 12 vol.% ND: Figure 44 a shows a reduced recovery for 
composites with ND concentrations of ≥ 12 vol.% ND, which can be explained by a reduced 
mobility of polymer chains confined between the ND particles in the ND network. 
Young’s modulus was derived from the initial elastic portion of indentation curves (first 50 
nm) as described by Pathak et al. [230] after zero point correction [231] (section 3.2.2.2.1). 
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There is a 350% improvement in Young’s modulus from 3.4 ± 0.5 GPa for neat epoxy to 12 ± 2 
GPa for the 25 vol.% ND composite. It should be mentioned that the experimental values of 
Young’s modulus to some extent depend on the measurement and data analysis technique. For 
example, the modulus for neat epoxy obtained from dynamic mechanical analysis is 2.5 ± 0.2 
GPa [213]. 
Our highest measured modulus was 30 ± 2 GPa for a 50 vol.% ND sample, an increase of 
780% compared to neat epoxy, showing the potential of this composite. As of now, this is the 
highest increase in Young’s modulus reported for a nanofiller-reinforced polymer system [171, 
241, 242]. To our best knowledge, the previous highest reported increase in Young’s modulus 
due to the addition of nanofiller to a bisphenol-A based polymer, reported by Devaprakasam et 
al. with nanosilica, was 300% [243], whereas for a polyamide-11, a thermoplastic polymer, the 
maximum reinforcement due to the addition of ND was 400% [171]. In addition to increased 
Young’s modulus and hardness, a two times decrease in creep from 222 nm for epoxy to 91 nm 
for 25 vol.% ND composite was observed (Figure 44 a). The decrease in creep indicates that 
contacts between ND particles lead to the formation of a diamond skeleton in the composite, 
reducing the viscous response of the composite.  
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Figure 44: a) Load–displacement curves of epoxy–ND samples with varying ND concentrations 
from 0 to 25 vol.%. Besides a clear decrease in the maximum indentation depth, a reduction of 
creep from 222 nm to 91 nm is observed for the 25 vol.% ND composite. b) Stress–strain curves 
show an improved Young’s modulus (increased slope of the initial elastic portion of the stress–
strain curves). 
4.1.3.2.2 Hardness of epoxy-ND composites 
To obtain hardness values from nanoindentation, the area of contact at a specific load must 
be calculated. In this study, we calculated the area of contact according to the procedure 
described by Kalidindi and Pathak [231], only valid for spherical indenters. Meyers hardness 
obtained from these calculations showed an increase of 300 % from 0.06 GPa for neat epoxy to 
0.2 GPa for a composite containing 25 vol.% ND and a remarkably 1500 % increase to 1 GPa for 
the 50 vol.% ND composite. To further support nanoindentation data and compare results from 
microscopic nanoindentation tests with the bulk hardness of the composites, macroscopic 
Vickers indentation was performed. Vickers micro-hardness tests were performed at a fixed load 
of 300 mN. The concave edge of the imprint in the pure epoxy (Figure 45 a) indicates significant 
elastic recovery, whereas the straight edges of the indent in the 25 vol.% ND sample (Figure 45 
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b) are characteristic for a more plastic deformation behavior. Comparison of the imprint sizes 
shows an increase in hardness for the 25 vol.% ND sample compared to the neat epoxy sample 
(Figure 45 a and b). Vickers hardness values were calculated by measuring the length of the 
diagonals of the residual imprints. The obtained Vickers hardness values are 20 HV or 0.2 GPa 
for neat epoxy and 55.2 HV or 0.54 GPa for the 25 vol.% ND sample. A 270% increase in Vickers 
hardness is in good agreement with the 300% increase in Meyers hardness derived from 
nanoindentation. Furthermore, no cracks were found at the corners of the indents at large 
loads. 
 
Figure 45: a) Optical images of Vickers indents produced with a load of 300 mN for a neat epoxy 
sample and b) a 25 vol.% ND reinforced sample. b) A clear reduction in imprint size for the 25 
vol.% ND sample as well as a change in the imprint shape (straight imprint edge) have been 
observed indicating a drastic increase in hardness and plasticity of the composite. 
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4.1.3.2.3 Scratch resistance of epoxy-ND composites 
Considering the increased hardness of the composites, it is expected that they will 
demonstrate improved scratch resistance as well. Additionally, scratch tests complement the 
nanoindentation data, since the load is applied and the displacement is recorded over a larger 
area of the sample, thus giving additional information regarding the macroscopic performance 
of the composites. Figure 46 shows profiles of the scratches. 
 
Figure 46: Scratch tests were performed over a distance of 100 µm with a constant load of 10 
mN. Uniform behavior over a large sample area can be observed. A clear improvement in scratch 
resistance for the 25 vol.% ND sample is observed. The residual deformation was reduced 
significantly.  
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The average penetration depth decreases from 2.5 µm (0 vol.% ND) to 1 µm (25 vol.% ND). 
The low fluctuations in penetration depth indicate consistent material properties over a large 
area. Upon unloading, the material experiences elastic recovery. The difference between the 
penetration upon loading and the residual scratch depths shown in Figure 46 suggests a larger 
elastic recovery of the neat epoxy compared to the 25 vol.% ND sample in agreement with both, 
percentage of the reduced elastic recovery shown by nanoindentation of 12, 18 and 25 vol.% ND 
samples in Figure 44 a, and the difference in shape of the Vickers indents shown in Figure 45. 
A reduced scratch depth is observed for the 25 vol.% ND sample in comparison to the neat 
epoxy sample over the entire scratch distance. 
To quantify the improved scratch resistance, cross-sections in the beginning, middle and the 
end of the scratch were measured using an optical profilometer. The profiles are shown in 
Figure 47 as well as the areas of the groove and pile up material calculated using image 
processing software (ImageJ). An average 43% reduction in groove area from 1448 µm2 to 819 
µm2 and 60% reduction in pile-up area from 1652 µm2 to 653 µm2 for the 25 vol.% ND sample 
were calculated from the three cross-sectional profiles. Over the entire length of the scratch, 
the amount of removed and piled up material is consistently less for the 25 vol.% ND sample 
compared to the neat epoxy sample. These results demonstrate that the addition of ND in high 
concentrations significantly improves the scratch resistance of the composite. 
Having demonstrated improvements in scratch resistance, better tribological properties, 
such as reduced friction coefficients are expected. Indeed, our results from sliding tests indicate 
that friction can be reduced over a wide range of loads. An average friction coefficient of 0.4 for 
the neat epoxy and 0.24 for the 25 vol.% epoxy–ND composite were calculated from the 
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recorded lateral and horizontal forces during sliding of the indenter. Thus an up to 40 % reduced 
friction coefficient can be achieved for high concentration epoxy–ND composites. The 
tribological performance of epoxy-ND composites at different length scales is discussed in more 
detail in section 4.1.5. 
 
Figure 47: Cross-section scans performed at the beginning, middle and end of scratches (blue 
insets, profiles are yellow). The calculated areas of removed material and piled up material in 
µm2 were calculated for neat and 25 vol.% epoxy–ND samples using an imaging software 
(ImageJ). An improvement in scratch resistance and reduction in pile-up for the 25 vol.% ND 
sample is observed. 
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4.1.3.3 Thermal conductivity 
Figure 48 shows the DSC curves for 0–25 vol.% epoxy–ND composites. The decrease in slope 
between 29 and 31 °C corresponds to an increase in thermal conductivity of about 25% from 
0.25 Wm-1K-1 for the neat epoxy sample to 0.32Wm-1K-1 for the 25 vol.% ND sample [237]. The 
changes in thermal conductivity follow the same trend observed for the mechanical properties 
in Figure 44: while there is no or little change from 0 to 12 vol.% ND, further increasing ND 
concentration to 18 vol.% results in an increase of thermal conductivity (Figure 48 a and b). 
Thus, both the thermal conductivity and mechanical properties of the composites sharply 
change at ND concentrations above 12 vol.%. We ascribe this effect to a decrease in 
interparticle distance (Figure 39). At 12 vol.% ND, the interparticle distance is 3 nm (i.e., less 
than the diameter of a single ND particle), suggesting that the particles are coming into direct 
contact with each other. Therefore, the sharp increase in mechanical properties and thermal 
conductivity of the epoxy composites at ND content > 12 vol.% are probably related to close 
contacts between the ND particles, and the formation of an interconnected nanodiamond 
network at these high concentrations (Figure 38). 
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Figure 48: a) DSC curves for epoxy–ND composites with 0–25 vol.% ND. A more negative slope 
of the recorded DSC curves relates to an increased thermal conductivity. b) Thermal 
conductivities of epoxy-ND composites with various ND concentrations calculated from DSC 
measurements.  
107 
 
 
4.1.3.4 UV-absorption of epoxy-ND composites 
To prepare transparent epoxy-ND films, ND was added to a mixture of THF and Epon828 (1:1 
by weight), followed by mixing for 24 h. Next, the mixture was centrifuged for 5 minutes at 3500 
rpm. After evaporating the solvent for 48 h at 50 °C the resulting transparent epoxy-ND mixture 
was cured following the standard curing procedure (section 3.1.1.1). Produced composites are 
transparent, having a dark yellow color (Figure 49, inset). To investigate UV-absorbing 
properties of these composites, UV-Vis measurements were performed. Transmittance spectra 
are shown in Figure 49. Transmittance of light, especially in the UV-range is significantly 
decreased due to the addition of smallest amounts of ND (<0.1 wt.% ND). This effect was also 
reported for PAN-ND composites, showing that ND can improve the optical properties of various 
polymer matrices [171]. 
 
Figure 49: Transmittance spectra of neat epoxy and epoxy-ND composites containing low 
contents of ND (<0.1 wt.% ND). Even at this low concentration of ND the absorption of light, 
especially in the UV-range, is significantly increased. 
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4.1.4 Epoxy-nanodiamond composites with a covalent interface 
The variety of surface groups is an inherent property of ND, offering numerous options to 
adjust the surface chemistry yet posing potential problems (sections 3.1.2 and 2.4). Particularly, 
the non-covalent interactions between these surface functional groups are thought to play a 
role in the formation of strong ND aggregates, which makes dispersion of ND into single 
particles a challenge (section 2.3.2). In the context of composite applications, the lack of using 
consistent ND material with precise control of its carbon structure/hybridization and surface 
chemistry, resulting in a weak interface, could be one of the reasons for contradicting reports 
regarding the properties of polymer-ND matrix composites (section 2.4). To improve the 
interface and increase the strength of the nanocomposites, researchers attempted to form 
covalent bonds between different fillers and polymers. Some examples include covalent 
interfaces of single-walled or multiwalled carbon nanotubes and epoxies [13, 244], single-walled 
carbon nanotubes and nylon [142], or silica nanoparticles and vinyl polymers. However, there 
are no studies addressing the covalent incorporation of ND into epoxy systems. In this section 
the characterization and application of ND-NH2 in the epoxy matrix Epon828 is discussed. Figure 
50 schematically shows the covalently incorporation of ND-NH2 into the epoxy matrix. Not only 
is it important to select the correct surface functionality of ND, but it is also of outmost 
importance to account for interactions between the nanofiller and polymer matrix as will be 
discussed in more detail in section 4.1.4.2. 
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Figure 50: Schematic showing the covalent incorporation of aminated ND into a structure of 
epoxy polymer. The interested reader is referred to [219] for a colored version of this plot. 
4.1.4.1 Improving dispersion of aminated ND 
To improve dispersion of ND-NH2, the use of liquid suspended ND-NH2 significantly reduces 
drying driven re-agglomeration of ND and improves dispersion of the nanoparticles in the 
composites as confirmed by TEM. Comparison of TEM images of epoxy-ND-NH2 composites 
produced from ND-NH2 powder (Figure 51) and ND-NH2 which was kept suspended in THF all 
time (Figure 34) show an improved dispersion and reduced agglomerate size in the latter 
material. The maximal agglomerate size was reduced from ~1 µm to ~0.4 µm when ND-NH2 was 
kept in the suspended state (never dried). 
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Figure 51: TEM image of an epoxy-ND-NH2 composite using dried ND-NH2 powder, showing 
large ND-NH2 agglomerates of up to 1 µm in size. 
More detailed investigation of the images of the composites prepared with THF suspended 
ND-NH2 reveals that although some large agglomerates are still present in the matrix (Figure 52 
a), small (up to 100 nm), loose, and less dense agglomerates dominate Figure 52 b. High 
resolution TEM shows that the agglomerates are infiltrated by epoxy (Figure 52 c). 
Furthermore, single dispersed ND-NH2 particles were observed in the epoxy matrix as well 
(Figure 52 d). This micrograph suggests good wetting of ND-NH2 by the polymer, which is 
expected in the case of covalent bonding between ND-NH2 and the epoxy matrix. 
One reason for the observed improvement in dispersion might be the introduced 
functionality. As discussed in section 2.1.1.1 and Strategies for nanofiller dispersion2.3.2 
functionalization of ND results in repulsive forces acting between ND particles, reducing 
agglomeration. Thus, it is suspected that repulsive interactions between ND-NH2 resulting from 
the grafted diamine molecules contribute to the better dispersion of ND-NH2. From this stand 
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point it might be beneficial to graft longer diamine molecules such as butanediamine, 
introducing stronger repulsive interactions. 
 
Figure 52: TEM images of epoxy-ND-NH2 composites manufactured using ND-NH2 suspended in 
THF at successively larger magnification: a) low magnification; b) close up showing loose/broken 
agglomerates of ND-NH2; c) magnified agglomerate being infiltrated by epoxy; d) high resolution 
image of single dispersed ND-NH2 particles surrounded by amorphous carbon, presumably epoxy 
chains. 
4.1.4.2 Estimating the grafting density on aminated nanodiamond 
In order to quantify the number of ND-NH2 amino groups reacting with Epon828, in situ DSC 
curing experiments were performed. To determine the number of reacting amino groups in ND-
NH2, first it is required to calculate the heat evolved per reacting epoxy group. Since two epoxy 
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groups react with one amino group it is possible to estimate the number of reacting amino 
groups, given this number. In order to determine this number, seven samples of Epon828 mixed 
with various amounts of PACM (0-50 pph) were studied. To calculate the specific heat of curing, 
DSC curves shown in Figure 53 a were integrated in the temperature range of 60-155 °C. Next 
the calculated heat of curing was plotted against the number of amino groups, derived from the 
compositions of these samples (similar to the procedure described in [213]). The estimated heat 
of curing obtained by averaging the values corresponding to the compositions at which all epoxy 
groups in the system have reacted (>28 pph PACM) was equal to 550 ± 50 J/g of Epon828 or 104 
± 9 kJ/mol per epoxy group (Figure 53 b, equation 4.3). 
 
Figure 53: a) DSC curing curves of epoxy with various concentrations of PACM. By integrating 
the DSC curves the specific heat released during of curing can be calculated. b) Calibration plot 
showing the amount of specific heat released during the cure of 1 g of Epon828 with various 
concentrations of PACM. The horizontal line includes the stoichiometric concentration and 
concentrations above the stoichiometric point of Epon828 and PACM. Since all epoxy groups are 
reacted after the stoichiometric point, the heat of curing is constant. Thus, the heat of curing per 
gram of Epon828 and consequently per epoxy group can be calculated.  
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In a next step, samples of Epon828 with ND were measured (no PACM added). The heat 
evolved was integrated in the range of 60-163°C (equation 4.2), and the heat of curing per 1 mol 
of epoxy groups was used to determine the content of reactive amino groups on the ND. 
Representative DSC curves for neat Epon828 as well as Epon828 with different amounts of ND-
COOH and ND-NH2 are shown in Figure 54. 
 
Figure 54: DSC curves for pure Epon828 and Epon828 mixed with different amounts of ND-
COOH and ND-NH2 heating rate 10 °C/min. 
Assuming that all ND particles are spherical, having a 5 nm diameter and the number of NH2 
groups attached to ND is equal to the number of reacted NH2 groups (though in fact the former 
might be higher), it is estimated that ∼1/5 of surface carbon atoms of ND-NH2 are terminated 
with reactive amino groups. This number is based on the assumption that a 5 nm particle has 
11,686 C atoms, 1560 of which are exposed on the surface. The resulting surface area per ND 
particle is 78.5 nm2. Given the number of amino groups, the coverage in % and number of amino 
groups/nm2 can easily be calculated (equations 4.4 and 4.5). The amine equivalent weight (AEW) 
was calculated assuming that both hydrogen atoms in NH2 group react with epoxy. 
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𝑄𝑐𝑢𝑟𝑖𝑛𝑔 =  � (𝑄163°𝐶
60°𝐶
)𝑑𝑇 4.2 
 
𝑄𝑒𝑝𝑜𝑥𝑦 𝑔𝑟𝑜𝑢𝑝 =  𝑄𝑐𝑢𝑟𝑖𝑛𝑔# 𝑒𝑝𝑜𝑥𝑦 𝑔𝑟𝑜𝑢𝑝𝑠 4.3 
 # 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑎𝑚𝑖𝑛𝑜 𝑔𝑟𝑜𝑢𝑝𝑠 =  # 𝑒𝑝𝑜𝑥𝑦 𝑔𝑟𝑜𝑢𝑝𝑠2  4.4 
 # 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑎𝑚𝑖𝑛𝑜 𝑔𝑟𝑜𝑢𝑝𝑠 𝑝𝑒𝑟 𝑁𝐷 =  # 𝑜𝑓 𝑎𝑚𝑖𝑛𝑜 𝑔𝑟𝑜𝑢𝑝𝑠# 𝑁𝐷 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠  4.5 
 
𝐴𝑚𝑖𝑛𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 (𝐴𝐸𝑊) = 𝑀𝑜𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑁𝐷# 𝑜𝑓 𝑎𝑚𝑖𝑛𝑒 𝑔𝑟𝑜𝑢𝑝𝑠 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑡𝑜 𝑁𝐷 4.6 
Table 1 shows the values calculated based on the above equations. It should be pointed out 
the AEW of ND is the highest reported value for any nanofiller to our knowledge. This should be 
kept in mind when discussing the mechanical properties of epoxy-ND-NH2 composites. 
Table 4.2: Content of surface amino groups of ND-NH2 reacted with Epon828. As measured by 
integrating the evolved heat in DSC experiments in the range of 60-163 °C 
Sample composition (mg) 
Heat 60-163 °C 
(J/g Epon828) 
Amine 
equivalent 
weight of ND 
(g/mol) 
NH2-terminated 
surface atoms 
(%) 
Surface density of 
reactive NH2 groups 
(groups/nm2) 
ND (type) Epon828 
0 5.6 0.0 0.0 0.0 0.0 
1.4 (COOH) 6.6 0.0 0.0 0.0 0.0 
2.9 (NH2) 10 151.7 151.3 22.7 4.5 
2 (NH2) 8.5 119.5 155.8 22.0 4.4 
2.8 (NH2) 7.3 157.4 192.8 17.8 3.5 
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4.1.4.2.1 Confirming covalent bond formation 
After confirming covalent bonding between ethylenediamine and ND using FTIR and TGA 
measurements (section 3.1.2.3) and estimating the number of grafted and reacting amino 
groups using DSC (section 4.1.4.2), covalent bonding between amino groups of ND-NH2 and the 
epoxy group of Epon828 need to be confirmed. Assuming that ND-NH2 will react with epoxy in a 
way similar to other amine curing agents, the formation of a covalent interface between epoxy 
and ND-NH2 as schematically shown in Figure 50 is expected. 
To confirm covalent bonding, DSC and nanoindentation measurements were performed. 
Glass transition temperatures (Tg) of epoxy-ND samples were determined from DSC curves 
shown in Figure 55, after performing two heating cycles to 180 °C. 
 
Figure 55: Glass transition temperatures for neat epoxy and epoxy-ND/ND-NH2 composites 
after they were heated to 180 °C to complete reactions between nanodiamond and epoxy. A 
clear increase in glass transition temperatures is observed, confirming curing and thus covalent 
bonding between ND-NH2 and epoxy. 
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With no ND added, the Tg of Epon828 is -15.21 °C; with addition of ND-COOH, it is slightly 
higher (-10.68 °C) and is much higher (42.31 °C) when ND-NH2 was added. The higher Tg 
observed when ND-NH2 was used in comparison to much lower values obtained for Epon828 
and Epon828 with ND-COOH clearly indicates that ND-NH2 cross-links the resin in these 
conditions, whereas ND-COOH does not. These experiments show that ND-NH2 can potentially 
be used to completely replace PACM, acting as a reinforcement and curing agent. 
To further confirm covalent incorporation, nanoindentation experiments were performed. 
Figure 56 shows representative nanoindentation curves for neat epoxy, epoxy-ND-COOH and 
epoxy-ND-NH2 composites cured with 11 pph PACM. At the selected stoichiometry of 11 pph the 
epoxy has a low hardness and Young's modulus. Mechanical properties are improved due to the 
addition of ND. At moderate concentrations, both ND-NH2 and ND-COOH improve mechanical 
properties, however, the improvement is much more pronounced for ND-NH2, as evidenced by a 
comparison of the indentation curves for 7 wt.% ND-COOH and 7 wt.% ND-NH2 in Figure 56. 
 
Figure 56: Load-displacement curves of neat epoxy and epoxy-ND-COOH/ND-NH2 composites 
with different concentrations of ND-COOH and ND-NH2. The concentration of PACM in the 
system was kept constant at 11 pph for all samples. 
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Since the contribution of all nonspecific factors, that is, those not related directly to surface 
chemistry of ND, such as superior hardness and Young's modulus of the ND itself, an increased 
viscosity and thermal conductivity of the system upon addition of ND should be similar no 
matter which ND was used, we assign the observed 180% higher hardness, 50% higher Young's 
modulus, and 150% reduced creep of the composite with 7 wt.% of ND-NH2 as compared to 7 
wt. % ND-COOH (see also Table 4.3) to the effect of covalent incorporation of ND-NH2 into the 
resulting polymer network. This significant improvement could only be achieved with ND-NH2. 
Even at two times higher concentration, ND-COOH did not improve the mechanical properties of 
the composite close to that made with 7 wt.% of ND-NH2 (Figure 56, Table 4.3). However, it is 
possible that even better properties can be achieved in the ND-NH2-Epon828-PACM system. 
Based on data of [213], a maximum in Young's modulus for epoxy-ND composites is expected at 
PACM concentration below 18 pph. The optimization of mechanical properties is discussed in 
more detail in section 4.1.4.3. 
Table 4.3: Mechanical properties of epoxy-ND composites with different concentrations of ND-
COOH and ND-NH2 derived from nanoindentation curves (concentration of PACM in all samples 
was kept constant at 11 pph) 
ND content (wt.%) and type Young's modulus (GPa) Hardness (MPa) Creep (nm) 
0 ND 0.27 ± 0.02 0.4 ± 0.1 2649 
7 wt.% ND-COOH 2.0 ± 0.4 30 ± 10 667 
7 wt.% ND-NH2 3.0 ± 0.4 90 ± 30 266 
14 wt.% ND-COOH 1.5 ± 0.2 16 ± 4 671 
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4.1.4.2.2 Compensation for nanodiamond amino groups 
As discussed in sections 3.1.2.3 and 4.1.4.2, ND-NH2 has a larger number of amino groups 
grafted to its surface. These additional amino groups are expected to interfere with the epoxy 
resin/curing agent stoichiometry. This issue was recently pointed out for carbon nanotubes 
[245]. The interference of non-functionalized and functionalized carbon nanotubes with the 
epoxy curing chemistry has attracted increasing attention, but we are not aware of any prior 
studies of ND interference with epoxy curing chemistry. Palmese and McCullough have 
demonstrated that Tg and flexural modulus of Epon828 cured with PACM are very sensitive to 
the resin:curing agent ratio (and thus the number of introduced amino groups), with a flex 
modulus peaking at a stoichiometry of r=0.68 (3.2 GPa, measured at 30 °C) and sharply declining 
at stoichiometries r ˃ 0.68 ˃ r (section 3.1.1.1, [213]). At the stoichiometric composition (r=1), 
the flex modulus of the Epon828-PACM epoxy system is lower (2.3 GPa) compared to the non-
stoichiometric composition with r=0.68 (section 3.1.1.1, [213]). Similarly, ND-NH2 shifts the 
curing stoichiometry due to the additionally introduced amino groups and brings the Young’s 
modulus of the composite either closer to the maximum (when the stoichiometry of the system 
is below r = 0.68) or away from it (when the stoichiometry of the system is above r = 0.68), 
according to the effect observed for changing the stoichiometry of the epoxy system. The effect 
of ND-NH2 on the Young’s modulus of the used epoxy matrix is schematically explained in 
(Figure 57). 
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Figure 57: Schematic explaining the effect of ND-NH2 on the Young’s modulus of the epoxy 
matrix Epon828. The addition of unmodified ND (blue dot) results in an increase of Young’s 
modulus (state 1). When ND-NH2 is added (orange dots), Young’s modulus can be further 
increased (state 2), or decreased (state 3), depending on the stoichiometry (r). The 
functionalization induced decrease in Young’s modulus can overwhelm the increase in Young’s 
modulus expected due to ND properties (state 3). 
At any stoichiometry, the addition of x vol.% of ND leads to an increase in Young’s modulus 
of the composite corresponding to the difference between 0 vol.% ND and x vol.% ND in Figure 
57 (State 1) due to the superior Young’s modulus of ND. However, if ND has reactive functional 
groups on the surface, which may interfere with the curing chemistry of the epoxy system (e.g. 
amino groups of ND-NH2), then depending on the stoichiometry of the epoxy system, Young’s 
modulus can be further increased (Figure 57, State 2) or reduced. This latter detrimental effect 
may overwhelm the increase in Young’s modulus of the composite expected due to superior 
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Young’s modulus of diamond and furthermore decrease Young’s modulus below the value of the 
neat epoxy at this specific stoichiometry (Figure 57, State 3). 
This is confirmed by experimental results: a 5 vol.% epoxy-ND sample produced with non-
aminated ND at a stoichiometry of r=0.39 has a Young’s modulus of 3.19 GPa, a 30% increase 
compared to the neat epoxy sample (2.4 ± 0.2 GPa) (Figure 58 a). This improvement in Young’s 
modulus can be explained by the reinforcing effect of ND (Young’s modulus ~1220 GPa). On the 
other hand, a larger increase in Young’s modulus (to 4.30 GPa ± 0.03 GPa) was measured at a 
lower content (3.5 vol.%) of ND-NH2 (Figure 58 a). It should be noted, that this value is the 
highest reported Young’s modulus for a spherical nanofiller reinforced epoxy at comparable 
nanofiller loadings. 
 
Figure 58: Experimental results confirm this effect for a 5 vol.% ND and 3.5 vol.% ND-NH2 
composites manufactured at a stoichiometry of r=0.39; c) Experimental results for 3.5 vol.% ND 
and ND-NH2 composite at a stoichiometry of r=1. 
We ascribe the increase in Young’s modulus to the following factors: i) NDs high Young’s 
modulus itself (contributes ~20 % in the increased Young’s modulus of the composite according 
to simple calculations based on the rule of mixture, where only the Young’s modulus of the 
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epoxy and nanodiamond are considered), ii) bond formation between amino groups of ND-NH2 
and the epoxide groups of the resin (the bond formation contributes ~15% of the increase in 
Young’s modulus of the composite, since the Young’s modulus of epoxy is directly related to 
cross-linking density), and iii) other effects such as changes in the composite molecular 
structure, which may contribute the rest. 
However, according to Figure 57, additions of ND-NH2 to the epoxy system with a 
stoichiometry > r=0.68, do not necessarily lead to an increase but can eventually decrease 
Young’s modulus due to a shift in the overall stoichiometry of the composite. At the 
stoichiometric point (r=1) the addition of 3.5 vol.% of non-aminated ND increases Young’s 
modulus of the composite due to the high Young’s modulus of ND Figure 58 b. The opposite 
behavior is observed when adding 3.5 vol.% of ND-NH2: the Young’s modulus of the composite 
decreases even below the value for the neat epoxy at this specific stoichiometry Figure 58 b. 
This can be explained by the excess of reactive amino groups introduced with ND-NH2. These 
amino groups compete with the amino groups of PACM in reaction with epoxy groups of 
Epon828, corresponding to 2.8 pph of PACM at a concentration of 3.5 vol.% ND-NH2. Thus, not 
all PACM molecules react and the stoichiometry is shifted to a value of r = 1.1 ((28 pph + 2.8 pph 
) / 28 pph). In this state the composite contains a certain amount of unreacted PACM, which 
reduces the modulus, overwhelming the reinforcing effect of ND. 
These results emphasize the importance of accounting for the interference of the reactive 
filler with the polymer chemistry. In section 4.1.4.2 it was explained how the amine equivalent 
weight of ND-NH2 can be determined in reaction with Epon828 using DSC measurements. Using 
this number and given the content of ND-NH2 in the composite, one can calculate the amount of 
PACM to be added (equation 4.7; 2][ NH dCompensatePACM ) to achieve the desired overall stoichiometry. 
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NH NH NH
Compensated DesiredPACM PACM ND NH= − −  4.7 
Based on this calculation the diagram shown in Figure 59 was generated and allows for a 
quick estimation of the amount of compensated PACM curing agent to be added to the epoxy 
system. For example, the number of amino groups corresponding to r=1 in an epoxy-ND-NH2 
composite with 5 vol. % ND-NH2 is achieved when ~25 pph of PACM is added instead of 28 pph, 
with the rest of amino groups brought with ND-NH2 (Figure 59, red dot). The intersection of the 
surface with the bottom plane of the coordinate cube corresponds to the vol. % ND-NH2 at 
which amino groups of ND-NH2 fully substitute the amino groups of the curing agent, making it 
possible to cure the composite solely by the amino groups of ND-NH2 without any additions of 
PACM (Figure 59, dotted line), being described in more detail in section 4.1.4.3.1. 
 
Figure 59: Effect of the amount of added ND-NH2 in vol.% on the compensated amount of 
curing agent that needs to be added ( 2NHCompensatedPACM[ ] ), to achieve a desired final stoichiometry r.  
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4.1.4.3 Mechanical properties of epoxy with aminated nanodiamond 
4.1.4.3.1 Young’s modulus of composites with a compensated stoichiometry 
To maximize the reinforcing effect of ND-NH2 on the epoxy matrix the interference of ND-
NH2 with the curing chemistry of the Epon828 – PACM system needs to be account for as 
described in section 0. To validate these considerations a series of composites and neat 
Epon828 – PACM samples were prepared. For neat epoxy samples the introduced amount of 
pph PACM equals the desired amount . Neat epoxy at 19 pph  has a 
Young’s modulus of (3.2 ± 0.1 GPa) whereas higher or lower curing agent concentrations result 
in lower values (Figure 60, green squares). For example, at 45 pph  the Young’s 
modulus is 2.39 ± 0.05 GPa. Thus, to obtain maximal Young’s moduli of the composites the 
overall stoichiometry needs to be maintained close to the value corresponding to 19 pph of 
PACM with compensation for additional NH2 groups introduced with ND-NH2. Deviations from 
19 pph in either direction result in decreased Young’s moduli. Epoxy-ND-NH2 composites with 
different stoichiometries and filler contents were prepared, in which the amount of curing agent 
was reduced to compensate for the additionally introduced amino groups of ND-NH2 as 
described above. Resulting composite Young’s moduli are shown in Figure 60 (blue circles). At a 
total stoichiometry of 9.5 pph ( ), corresponding to amino groups introduced by ND-
NH2 and curing agent, the addition of 3.6 vol.% ND-NH2 results in a composite Young’s modulus 
of 2.3 GPa being slightly higher than the value expected for neat epoxy at the same 
stoichiometry. A concentration of 7 vol.% ND-NH2 at a stoichiometry of 16 pph ( ) 
results in 27 % increased Young’s modulus from ~ 3.0 GPa for neat epoxy to 3.8 ± 0.2 GPa for the 
2NH
Desired]PACM[ 2
NH
Desired]PACM[
2NH
Desired]PACM[
2NH
Desired]PACM[
2NH
Desired]PACM[
124 
 
 
epoxy-ND-NH2 composite. Addition of 4 vol.% ND-NH2 at a stoichiometry of 28 pph results in a 
Young’s modulus of 3.01 ± 0.04 GPa. At 43 pph ( ) and a concentration of 6 vol.% 
ND-NH2 Young’s modulus increases by 17 % from ~2.5 GPa to 2.93 ± 0.08 GPa. 
The large differences in Young’s moduli between these composites prepared at 9.5, 16, 28 
and 43 pph  cannot be explained by the different contents of ND-NH2. According to 
the Halpin-Tasi model, a modified rule of mixture [246], introduction of ND should result in a 
modulus increase of 0.13 GPa per 1 vol.% ND. Thus, the observed differences beyond those 
expected due to the addition of ND are due to the changes in Young’s modulus of the epoxy 
matrices prepared at different stoichiometries. 
To generalize the effect of compensation, Young’s moduli of neat epoxy samples containing 
an excess of amino groups, equivalent to the number of amino groups introduced by 6 vol.% 
ND-NH2 were calculated and are plotted in Figure 60 (dotted line). An increase below 19 pph 
 (green colored area) and a decrease above 19 pph  (red colored area) 
in Young’s modulus is observed. For most engineering applications the epoxy system is cured at 
stoichiometries higher than 19 . Thus, to avoid undesired reduced Young’s moduli 
of the epoxy-ND-NH2 composites at curing agent concentrations in this range, it is critical to 
compensate for the additionally introduced amino groups. 
Also, epoxy-ND-NH2 composites with 20 and 30 vol.% ND-NH2 were produced, where the 
epoxy was cured without the addition of any curing agent as mentioned above. The number of 
amino groups introduced with 20 and 30 vol.% of ND-NH2 equals to a PACM content of 18 and 
33 pph  respectively (dotted line in Figure 59). 
The Young’s moduli of these composites were increased by 14 % from ~3.25 GPa (Young’s 
modulus of the neat epoxy matrix at 18 pph PACM) to 3.7 ± 0.4 GPa for the 20 vol.% composite 
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and by 500% from ~ 2.75 GPa (Young’s modulus of the neat epoxy matrix at 33 pph PACM) to 14 
± 5 GPa for the 30 vol.% (Figure 60; orange triangles). The highest measured value for a 30 
vol.% ND-NH2 composite was 22.9 GPa (800% improvement), showing the potential of ND-NH2 
cured epoxy composites, in which Young’s modulus reaches values that exceed by far any other 
polymer composite. These composites probably have a completely different molecular structure 
as compared to neat epoxy polymers and remarkable properties, which need to be further 
explored. 
 
Figure 60: Young’s moduli of neat epoxy and compensated epoxy-ND-NH2 composites. For 
comparison the effect on Young’s modulus due to the additional introduced amino groups by 6 
vol.% ND-NH2 at different stoichiometries is shown as well (dotted grey line). 
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4.1.4.3.2 Tg determination using heated nanoindentation 
To confirm that epoxy was cured by ND-NH2 as described in section 4.1.4.3.1 the Tg of a 
composite containing 20 vol.% ND-NH2 was determined using nanoindentation at elevated 
temperatures and was compared to the Tg of a neat epoxy sample, prepared at the same 
stoichiometry of 18 pph (the amount of amino groups introduced by ND-NH2 and PACM was 
held constant). The Tg for the neat epoxy sample was in the range of 80-90 °C, being in good 
agreement with the literature value of 83 °C measured by TMA [213]. For the epoxy composite 
cured by 20 vol.% ND-NH2, Tg was observed at 55 °C (Figure 61). This result confirms that epoxy 
can be cured by ND-NH2. The shift in Tg, when compared to neat epoxy, can be explained by 
agglomeration of ND-NH2 at these high loadings of filler resulting in highest viscosities. Thus, 
some amino groups of ND-NH2 are not accessible for reaction, reducing the degree of curing and 
Tg. 
 
Figure 61: Dependence of Young’s modulus on temperature for a neat epoxy and epoxy-ND-NH2 
composite solely cured by amino groups grafted to ND-NH2. Both samples have the same 
concentration of amino groups. 
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4.1.4.3.3 Fracture toughness 
Fracture toughness of epoxy composites was measured using specimen geometries and 
procedures as described in section 3.2.2.1.2 according to ASTM standard D5045-99. KIC (plain-
strain fracture toughness) and GIC (toughness) values were calculated based on Kq values, after 
verifying the validity of the tests. 
Preliminary results for neat epoxy, prepared at the stoichiometric concentration of the 
Epon828-PACM system, and composites containing 5 wt.% ND-NH2 are compared in Figure 62. 
KIC and GIC were improved by ~50 and ~70 % respectively. Possible reinforcing mechanisms 
include but are not limited to void growth around ND [247] or crack front trapping around ND-
agglomerates [248] and require further studies. These results indicate that not only Young’s 
modulus (section 4.1.4.3.1), but the fracture toughness of epoxy-ND-NH2 composites is 
improved at the same time. 
 
Figure 62: KIC and GIC values for neat epoxy (stoichiometric point) and epoxy-ND-NH2 composites 
prepared with a compensated stoichiometery to account for the additionally introduced amino 
groups by ND-NH2 (section 0). 
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4.1.5 Tribological properties of epoxy-nanodiamond composites 
Due to its superior mechanical properties, ND holds great potential to improve tribological 
characteristics of composites. In this section the wear and dry friction behavior of epoxy-ND 
composites prepared from as-received and aminated ND (ND-NH2) across the scale range from 
macro- to nano are discussed. 
As previously reported, polymer-ND composites contain ND agglomerates, whose sizes can 
be divided into the following three groups: 1st > 0.6 µm; 2nd 0.2-0.5 µm; and 3rd ~100 nm [169]. 
Thus, it is expected that the tribological properties vary across the different length scales. To 
study the tribological performance at the different length scales macroscale, microscale, and 
nanoscale tribological measurements were performed. Macroscopic (bulk) measurements 
performed with a pin-on-disk tester report averaged values for the entire composites, not 
distinguishing between locally changing properties. Bulk friction coefficients give insights on 
how materials will perform in actual applications, where it is important to consider and select 
appropriate counter body materials, atmospheres and lubricants, since these factors affect the 
tribological performance. 
Nanoindentation tests measure properties on the µm scale, for example on single ND-
agglomerates. Furthermore, AFM measurements allowing to map morphology and frictional 
maps with nanometer resolution were used to measure properties on single ND-clusters, 
contained in ND-agglomerates.  
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4.1.5.1.1 Bulk wear resistance 
Light micrographs of wear tracks, induced by an alumina counter-body on neat (Figure 63 
a) and 25 vol.% epoxy-ND (Figure 63 b) were captured. Significant amounts of fine wear debris 
can be seen on the neat epoxy sample (Figure 63 a). Wear debris of composites containing 7.5 
and 12.5 vol.% ND were not observable by light microscopy, indicating a significantly improved 
bulk wear resistance. At ND concentration of 25 vol.% wear debris became traceable again using 
dark field imaging (Figure 63 b). Abrasive wear resulting in “smearing” of the composite and 
extensive parallel cracks over inconsistent wear tracks further suggest a significant amount of 
“stick-slip” between this particular sample and the alumina counter-body. Also, intact ND-epoxy 
agglomerates being up to 300 µm long within the wear tracks provide evidence of a significantly 
higher hardness of the agglomerates compared to the surrounding matrix. 
Surface scans of the alumina counter-body performed with a profilometer support this 
hypothesis, showing significant damage after tests on epoxy-ND composites containing 12.5 
vol.% ND (Figure 63 c), only being possible if ND-epoxy agglomerates have hardness values 
comparable or higher than those of alumina (up to 20 GPa) [249]. Interestingly, such severe 
damage of the counter-body was not observed for composites with higher or lower contents of 
ND. 
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Figure 63: Bright field image of wear tracks on a neat epoxy sample. Continuous removal of 
material can be observed. b) Dark field image of wear tracks on a 25 vol.% ND sample. Intact ND 
agglomerates within the wear tracks indicate a high resistance against wear. c) 3D-surface scan 
of an alumina counter-body after a wear test on a 12.5 vol.% ND epoxy composite showing 
significant damage. 
To gain more information on the tribological performance of epoxy-ND composites, a softer 
steel counter-body was used at longer testing distances of 25 m. Topographical images and line 
scans of the wear tracks (Figure 64 a) and steel counter bodies (Figure 64 b) on neat epoxy and 
epoxy-ND composites were recorded using optical profilometry. For the neat epoxy sample, 
wear tracks and debris were observed, while the steel counter-body did not show any signs of 
damage. At a ND loading of 4 vol.%, steel counter-body and wear track line scans show almost 
no wear. ND loading of 7.5 vol.% ND further improves the wear resistance of the composites, as 
topographical images and line scans show almost no removal of material. At the same time the 
steel counter-body gets damaged, probably cut by ND agglomerates contained within the wear 
debris building up during testing, leading to a roughened composite. This effect becomes more 
pronounced when further increasing ND loadings to 12.5 vol.%. The damaged steel counter-
body introduces deeper grooves into the composite, i.e., up to 3 µm deep. We suspect that ND-
agglomerates at ND contents below 25 vol.% get pulled out of the matrix, damaging the 
counter-bodies. However, at ND concentrations of 25 vol.% the steel counter-body stays almost 
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intact and less wear of the composite is measured. At this high concentration of ND the 
composites can be thought of as a porous ND-body infiltrated by epoxy [250], explaining the 
reversed trend in the tribological behavior, observed for both, steel and alumina counter-
bodies: The high wear resistance of these composites prevents plowing of the wear tracks, 
resulting in a smaller contact area and making ND agglomerate pull-out difficult. A previous 
study on poly(tetrafluoroethylene) (PTFE)-ND composites reported on the effect of agglomerate 
size on the wear performance of the composites. Smaller agglomerate size was found to 
decrease wear rate [178]. We suspect that the same effect is taking place in epoxy-ND 
composites, explaining the better performance of epoxy-ND composites containing 7.5 vol.% 
ND. 
To understand the effect of surface functionalization of ND on the tribological performance 
of epoxy-ND composites, samples with 2 vol.% of aminated ND-NH2 were tested. Even at this 
low concentration of ND the wear resistance of the composites is significantly improved (almost 
no wear was observed; (Figure 64 a). At the same time, the steel counter-body shows the most 
severe damage within this study (Figure 64 b), introducing roughness into the morphology of 
the composite’s wear track (Figure 64 a). The strong interface between covalently incorporated 
ND-NH2 particles and the epoxy matrix prevents pullout of ND-NH2, which can explain the 
improved wear resistance. At the same time the high hardness of ND causes the severe damage 
of the steel counter body. 
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Figure 64: a) 3D-profile and line scans of wear tracks on neat epoxy, epoxy-ND and epoxy-ND-
NH2 composites. b) The steel counter bodies after the tests. 
4.1.5.1.2 Bulk friction coefficients 
Continuously recorded and averaged macroscale dry friction coefficients calculated from 
macroscopic pin-on-disk test data in the range of 0-6 and 9-14 m are shown in Figure 65 and 
Figure 66 a and b. The stabilization of friction coefficients at longer testing times for neat epoxy 
and all epoxy-ND composites suggest plowing of the wear tracks, resulting in an increased 
surface area and thus higher friction coefficients. This hypothesis is confirmed by the significant 
decrease in standard deviations of averaged friction coefficients measured in the range of 9-14 
m when compared to the initial ones in the range of 0-6m: the changes in topography lead to 
133 
 
 
larger fluctuations in friction coefficients and decrease when the wear tracks form (Figure 66 a 
and b). This is confirmed by comparing the surface roughness (Ra) prior to testing (Figure 65, 
inset): due to the different responses to polishing of the neat epoxy and epoxy-ND composites, 
Ra values differ. Therefore friction coefficients prior to plowing cannot be compared. 
 
Figure 65: Development of friction coefficients over a testing distance of 24m. Steel counter 
bodies were used for these tests. The stabilization of friction coefficients at longer testing times 
for neat epoxy and all epoxy-ND composites suggest plowing of the wear tracks, resulting in an 
increased surface area and thus higher friction coefficients. 
However, after plowing of the wear tracks and smoothening out of the surface, friction 
coefficients can be fairly compared (9-14m (Figure 66 b)). Friction coefficients decrease from 
0.80 ± 0.05 for neat epoxy to 0.67 ± 0.03 for a 4 vol.% ND composite, slightly increasing over the 
testing distance (Figure 65). Addition of 7.5 vol.% ND to epoxy results in a 4 times lower friction 
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coefficient of 0.19 ± 0.02, the largest decrease in bulk friction coefficient measured in this study 
(Figure 66 b). In contrast to the other composites, the initial friction coefficient for 7.5 vol.% ND 
is stable and has a remarkably low value of 0.1 ± 0.02, increasing at a sliding distance of about 
13 m (Figure 65). The start of abrasive wear at 13 m might result from a weak interface 
between ND agglomerates and the epoxy matrix, leading to agglomerate pull-out. The friction 
coefficient of a composite containing 12.5 vol.% ND stabilizes at a value of 0.60 ± 0.03. A 
composite with 25 vol.% ND has a friction coefficient of 0.70 ± 0.03, nearly constant over the 
entire testing distance, indicating almost no plowing and thus a high wear resistance. The 
slightly higher friction coefficients for composites containing higher loadings of ND might 
originate from an uneven composite morphology even after plowing, where ND agglomerates 
stick out of the matrix, hindering the counter-body movement. The 25 vol.% ND composite has 
the highest surface roughness (Ra=0.25 µm) prior to testing (Figure 65, inset). 
Epoxy composites containing aminated ND-NH2 perform rather differently: The friction 
coefficient initially increases to 0.8 ± 0.121 and then decreases with sliding distance, stabilizing 
at a value of 0.68 ± 0.05. The high initial increase is in agreement with the observed severe 
damage of the steel counter-body and the higher surface roughness measured prior to testing, 
originating from the sample response to polishing. We account the improved performance at 
long testing times to a stronger interface between ND-NH2 and epoxy, resulting from the 
covalent incorporation of ND-NH2 into the epoxy matrix [219], improving the wear resistance of 
the composite. 
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Figure 66: a) Averaged bulk friction coefficients in the range of 0-6m and b) 9-14m. The 
stabilization of friction coefficients at longer testing times for neat epoxy and all epoxy-ND 
composites suggest plowing of the wear tracks, resulting in an increased surface area and thus 
higher friction coefficients. 
4.1.5.1.3 Microscale friction coefficients 
To gain further insights into the friction behavior at the micrometer scale, nanoindentation 
sliding tests were performed. Averaged and continuously measured friction coefficients are 
shown in Figure 67 a and b. With as-received ND, averaged microscale friction coefficients are 
significantly reduced from 0.30 ± 0.03 for neat epoxy to 0.2 ± 0.1 for the 5 vol.% ND composite. 
Further increases in ND contents to 33 and 50 vol.% result in decreased friction coefficients to 
0.13 ± 0.04 and 0.08 ± 0.02 respectively. The low microscopic friction coefficients at high ND 
contents stand in contrast to the measured macroscopic friction coefficients, the latter 
increased at ND contents higher than 7.5 vol.%. This is an illustration of the difference between 
bulk and microscopic properties. The sliding length of the nanoindenter is only 250 µm in 
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comparison to 24 m in macroscale tests. At these small length scales it becomes possible to 
measure friction coefficients on single ND-agglomerates, where the ND concentration within 
ND-agglomerates is high and constant. Furthermore, variations in the area of contact between 
macroscopic and microscopic measurements, resulting from the differences in indenter size and 
displacement, contribute to the observed differences. To investigate the influence of surface 
roughness on microscopic friction coefficients, data was recorded continuously (shown in 
Figure 67 b). According to these measurements surface roughness does not seem to be the 
major mechanism for reducing friction coefficients of epoxy-ND composites, since differences in 
surface roughness (fluctuations of friction coefficients) between neat and high concentration ND 
samples (33 and 50 vol.% ND/ND-NH2) are similar, but friction coefficients for epoxy ND 
composites are reduced by a factor of six. These results further suggest that uniform ND 
dispersion is essential to optimize composite properties, minimizing surface roughness, and 
show the potential of ND for tribological applications. 
The addition of 5 vol.% aminated ND-NH2 results in a friction coefficient of 0.15 ± 0.06, being 
slightly lower than the values measured on composites prepared with as received material. This 
effect becomes more pronounced at higher ND-NH2 loadings: a 33 vol.% ND-NH2 composite 
shows the lowest measured friction coefficient within this study, 0.06 ± 0.02 (Figure 67 a), 
being ~50% less when compared to the composite produced with 33 vol.% of as received ND 
(0.13 ± 0.04). This value is close to the one reported for pure carbide-derived carbon (0.2) [251] 
or diamond-like carbon films (0.05) [252]. 
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Figure 67: a) Averaged microscale friction coefficients. b) Experimental curves (one out of five) 
measured using a diamond nanoindenter. 
4.1.5.1.4 Nanoscale friction using AFM 
To understand reinforcing mechanisms of as-received ND and ND–NH2 on the epoxy matrix, 
AFM measurements were performed. Topographical maps and friction forces on neat epoxy and 
epoxy-ND/ND–NH2 composites containing 12.5 vol.% are compared in Figure 68. A smooth 
topography and constant friction forces were measured on the neat epoxy sample. Scans 
performed on single ND agglomerates within epoxy-ND composites containing 12.5 vol.% ND 
show inconsistent behavior (notice the areas with higher and lower frictional forces in Figure 
68 revealing ND clusters with diameters of ~100 nm within the epoxy-ND agglomerates). 
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Figure 68: Topographical and friction force maps recorded with AFM on neat epoxy and epoxy-
ND composites containing 12.5 vol.% ND and ND-NH2 
Friction forces are significantly lower than those recorded on the agglomerate matrix 
material and a sharp change in friction force is observed upon transition from either region 
(Figure 69 a). Thus, it is likely that weak interactions between ND clusters and the epoxy exist, 
being supported by topographical scans (Figure 68, 12.5 vol.% ND), showing ND clusters 
sticking out of the sample surface. We suspect that the ND clusters can easily be pulled out of 
the epoxy matrix when a counter-body is sliding over the surface. Composites made with ND–
NH2 have a rather different structure: transitions between low and high friction force areas are 
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smoother and have a lower amplitude (Figure 69 b). Also, ND–NH2 clusters have smaller sizes 
of ~50 nm (Figure 68; 12.5 vol.% ND–NH2) and suggest better integration into the epoxy matrix 
due to the covalent incorporation of ND–NH2 (section 4.1.4). The smoother transition from high 
to low friction forces (transition from the epoxy matrix to ND clusters) suggests the formation of 
an interphase. Fracture toughness measurements indicated that this interphase has a positive 
effect on the toughness of the material (section 4.1.4.3.3). To measure the properties of the 
interphase further studies using TGA-(MS) and DSC are required. 
 
Figure 69: AFM line scans of epoxy-ND composites containing a) 12.5 vol.% ND and b) 12.5 
vol.% ND-NH2. Composites containing as received ND show sharp transitions in frictional forces. 
The usage of ND-NH2 results in a strong interface between epoxy and ND-NH2 and a smoother 
transition in frictional forces.  
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4.1.5.2 Viscosity of epoxy-nanodiamond (aminated) resin mixtures 
Viscosity is an important parameter in the context of manufacturing polymer composites, in 
particular when fabricating fiber reinforced polymer composites. For example: Processing 
techniques such as resin-transfer-molding, used to produce carbon-fiber-composites, require 
low resin viscosities to insure complete infiltration of the fiber mats. For resin mixtures with 
CNTs, filler content is limited to values of about 0.5 wt.% due to the significant increase in 
viscosity at higher filler contents [253]. The low aspect ratio of ND (0-D filler, section 0) and ND-
agglomerates, having values ranging from 1 - 2.5 (section 2.1.1.2.2, 4.1.1.2), allows for 
processing resin mixtures with higher nanofiller contents. In return, higher filler contents can 
lead to significant improved mechanical properties of the cured epoxy matrix, not achievable 
with CNT’s due to the limitation in filler content. Higher Young’s modulus values are favorable 
since the overall strength of the fiber composites is improved, where the likelihood of interfacial 
failure is decreased and the overall stiffness of the composite is increased (section 2.1, 4.1.6). To 
determine maximal processable ND contents, viscosities of epoxy-ND-NH2 resin mixtures were 
measured using a rheometer. 
The initial viscosity of Epon828 is 11.05 Pa.s and increases to a value of 12.7 and 14.2 Pa.s 
for resin mixtures containing 0.5 and 1 wt.% ND-NH2. Note, resin mixtures containing only 1 
wt.% of CNTs have an up to 300% increased viscosity [254]. Even at a ND-NH2 concentration of 5 
wt.% the resin-ND-NH2 mixtures can be processed, having a viscosity of 25 Pa.s (120 % increase). 
At a ND-NH2 concentration of 10 wt.%, viscosity reaches a value of ~ 62 Pa.s making processing 
of this mixture using resin-transfer-molding infiltration difficult. The infiltration-ability of carbon-
fibers with epoxy-ND mixtures is discussed in more detail in section 4.1.6. 
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Figure 70: Viscosities of epoxy-ND-NH2 resin mixtures containing up to 10 wt.% ND-NH2, 
measured using a rheometer. For comparison measured viscosities are shown in the units of Pa.s 
and cP. 
4.1.6 Epoxy-ND/ND-NH2/-carbon-fiber composites 
As mentioned in section 2.1, epoxy is commonly used as a matrix material for carbon-fiber 
reinforced composites. To further improve the mechanical performance of these composites it 
is of interested to reduce the mismatch between fiber and matrix Young’s modulus, being one 
reasons for the failure of the polymer-fiber interface [255]. Thus, designing matrix materials 
with a higher Young’s modulus is desirable. Additionally, improving the interface strength result 
in improved mechanical properties of these fiber-composites [26, 256-258]. Delamination for 
example, can be reduced when using resin mixtures containing MWCNT’s or carbon fibers with 
grafted CNTs [225]. 
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To study the effect of ND addition on the performance of fiber composites, epoxy resins 
with as received ND and ND-NH2 were produced. Viscosities were measured prior to testing 
(section 4.1.5.2). According to these results, resin mixtures containing 5 wt.% ND-NH2 are 
processable and were used to infiltrate carbon-fiber mats using a resin-transfer molding 
process. Light micrographs of the produced composites are shown in Figure 71. Even though 
the produced piles show some inclusions, preliminary results prove that epoxy-ND resin 
mixtures can be used to infiltrate carbon fiber mats. The infiltration process can be further 
optimized by selecting other curing agents, for example Epon Curing Agent W characterized in 
[259], that allow for processing at higher temperatures and thus lower viscosities. 
Characterization of the interphase and mechanical properties of these fiber reinforced 
composites is ongoing in collaboration with the United Technologies Research Center (Physical 
Sciences Department, Advanced Materials Group, Research Center 411 Silver Lane). 
 
Figure 71: Light micrographs of neat epoxy-, epoxy-ND- and epoxy-ND-NH2 carbon-fiber 
composites. Epoxy and epoxy-ND resin mixtures infiltrate carbon-fiber mats well: only small 
amounts of air are introduced during processing. Almost all fibers are wetted by neat epoxy and 
the resins. 
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4.2 Poly(L-lactic acid)-nanodiamond composites 
Poly(L-lactic acid) (PLLA) was investigated for bone scaffolds (Figure 72) because of the 
good biocompatibility and biodegradability of this polymer [214, 215]. However, PLLA has an 
insufficient mechanical strength [260]. Reinforcing PLLA with particulates is a promising 
approach to yield composite materials with improved mechanical properties. In combination 
with the strong fluorescence of ND-ODA, in vivo monitoring of the integrity of the potential 
surgical fixation devices made of PLLA-ND-ODA (Figure 72) and their replacement by re-growing 
bone in the process of healing becomes possible. 
In this section the mechanical properties of PLLA-ND and PLLA-ND-ODA composites are 
discussed. Furthermore, the surface functionality of ND-ODA was studied using AFM 
measurements. The role of NDs surface functionalization with octadecylamine and its effect on 
dispersion and the resulting mechanical properties are addressed. 
 
Figure 72: Schematic illustrating manufacturing and use of PLLA-ND-ODA composites. 
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4.2.1 Probing of octadecylamine functionalized nanodiamond using AFM 
As discussed in section 2.4 it is of outmost importance to select the appropriate surface 
functionality depending on the polymer matrix. In the case of PLLA, being a hydrophobic 
polymer, ND was functionalized with the hydrophobic alkane octadecylamine, making ND 
hydrophobic itself (section 3.1.2.4). Using this kind of ND can improve dispersion and induce 
strong polymer-nanofiller interactions that lead to improved mechanical properties as discussed 
in this chapter. The surface functionalization with ODA was previously characterized by FTIR and 
DLS as described in section 3.1.2.4. However, as of now the actual surface structure of ND-ODA, 
as schematically shown in Figure 29 b, was not captured. To study its structure, single dispersed 
ND and ND-ODA particles were studies using AFM, in collaboration with the Oak Ridge National 
labs (ORL). High spacial resolution was achieved by using a generalized phase imaging scanning 
probe microscopy (GP-SPM) method, based on broad band detection and multi-eigenmode 
operation. GP-SPM is based on the simultaneous excitation of two eigenmodes to reduce the 
interference of the AFM amplitude control loop, making it possible to obtain a higher special 
resolution. The interested reader is referred to the work by Guo et al. [233]. Resulting AFM 
scans of ND-ODA are shown in Figure 73. 
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Figure 73: AFM scans of a ND-ODA particle using the GP-SPM method: a) amplitude at the 
resonance frequency, b) resonance frequency, c) Q factor, and d) phase determined by fitting 
data to the simple harmonic oscillator model. e) TEM image of ND-ODA. 
As illustrated in Figure 73 a-d the functionalization of ND with octadecylamine becomes 
traceable when using the GP-SPM method, where the different recorded and calculated values 
from the AFM measurement appear to have varying resolutions. In comparison to the amplitude 
signal shown in Figure 73 a, plotting the corresponding resonance frequencies (Figure 73 b), 
visualizes features atop the particle in more detail but in lower detail besides the diamond core. 
The quality factor (Q-factor), being related to the PID response of the cantilever, gives similar 
information as the amplitude signal, but appears to have a slightly higher resolution (Figure 73 
c), where the phase single gives less information (Figure 73 d). As of now, the exact nature of 
the measured response is unclear and requires further studies. 
However, since it is expected that there exists a large difference in stiffness of ODA chains 
and the diamond core, the cantilever response of the AFM system will vary, and it can be 
concluded that these measurements monitor the functionalization of ND-ODA. Note that the 
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ODA chain length lies in the range of ~ 3 nm, where the ND has a diameter of about 5 nm, 
resulting in a total size of the particle of about 11 nm. This value is in good agreement with the 
value measured using AFM (Figure 73 a). Furthermore, TEM images taken of ND-ODA (Figure 
73 e), show the functionalization of ND with octadecylamine thus supporting the AFM 
measurements. 
4.2.2 Mechanical properties of PLLA-nanodiamond composites 
4.2.2.1.1 Microscopic properties of PLLA-ND-ODA composites 
In Figure 74 a load-displacement curves of PLLA-ND-ODA composites obtained by 
nanoindentation are shown. Stress-strain curves derived from this data are shown in Figure 74 
b. Young’s modulus and hardness values of the composites, calculated after effective zero point 
correction [231], are presented in Table 4.4. 
 
Figure 74: a) Representative load-displacement curves and b) stress-strain curves of pure PLLA 
and PLLA-ND composites with 1 and 10 wt.% of ND-ODA. Besides a 35 % reduction in creep an 
increase in hardness and Young’s modulus of the nanocomposites is observed. 
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The experimental Young’s modulus of the PLLA thin film was determined as 2.6 ± 0.1 GPa, 
which agrees well with the value of 2.05 GPa reported for the amorphous PLLA film by Martin et 
al. [10]. The measured hardness for PLLA films is 0.05 ± 0.01 GPa. The modulus and hardness of 
the PLLA thin films were lower than those previously reported for PLLA samples produced by 
injection molding (Young’s modulus 4.6 GPa and hardness 0.23 GPa) [261]. This may be 
explained by a lower degree of crystallinity of our PLLA sample produced by solution casting, 
when compared to PLLA characterized in literature, which were subjected to elevated 
temperatures and mechanical drawing during the injection molding process, resulting in more 
crystalline PLLA. 
Introduction of ND-ODA into the PLLA matrix results in an increase in the mechanical 
properties at all concentrations studied (Table 4.4). Addition of 1 wt.% ND-ODA yielded a ~ 
200% higher Young’s modulus and ~ 400 % higher Meyer’s hardness. Further increasing ND-ODA 
content results in a 35 % reduction in creep (Figure 74 a) and led to a further, though less 
pronounced, increase in hardness and modulus with smaller changes at higher ND-ODA 
contents. Similar effects were recently reported for poly(vinyl-alcohol)-ND composites [185], 
where the most dramatic increase in Young’s modulus and hardness occurred at very low 
concentrations of ND (0-0.2 wt.%). In a prior study on polyamide-11-ND composites [171] we 
also observed an initial increase in Young’s modulus and hardness of the composites at low 
content of ND (less than 5 wt.%) followed by leveling out at 5-10 wt.% of ND with further 
increases in the range of 10-20 wt.% of ND. Thus, both our current experimental results and 
literature data shows that even at a low ND content a significant improvement in mechanical 
properties of the polymer matrix can be achieved given ND has a good affinity and is uniformly 
dispersed in the matrix (section 4.1.1.2). In the case of PLLA based composites it is important to 
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use strongly hydrophobic filler, such as ND-ODA, since this material has good affinity to PLLA 
and can be well dispersed in hydrophobic solvents (such as chloroform) that are used in solution 
casting of PLLA. In contrast to ND-ODA, the addition of 1 and 3 wt.% of as received ND (UD90) 
did not result in any significant change in Young’s modulus, only slightly increasing hardness. 
When non-modified diamond particles with no affinity to the matrix are added, sometimes even 
a concentration dependent decrease in mechanical properties of polymer matrix is observed, 
which can be explained by poor dispersion and adhesion between the diamond particles and the 
matrix [20]. 
Table 4.4: Summary of the mechanical properties determined by depth sensing indentation 
Sample composition Young’s Modulus (GPa) Increase (%) Hardness (GPa) Increase (%) 
pure PLLA 2.6±0.1* 0 0.05±0.01 0 
1 wt.% ND-ODA 5.3±0.2 107 0.21±0.01 320 
3 wt.% ND-ODA 5.5±0.3 113 0.25±0.01 400 
5 wt.% ND-ODA 5.9±0.3 129 0.26±0.01 420 
7 wt.% ND-ODA 6.8±0.5 165 0.31±0.06 520 
10 wt.% ND-ODA 7.9±0.1 206 0.46±0.05 820 
1 wt.% UD90 2.8±0.2 9 0.12±0.01 140 
3 wt.% UD90 2.7±0.1 5 0.11±0.01 120 
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4.2.2.1.3 Vickers hardness of PLLA-ND-ODA composites 
To gain information regarding the macroscopic properties of PLLA-ND-ODA composites, 
Vickers indentation was performed. These tests provide further evidence of a dramatically 
improved elasticity (Young’s modulus, section 4.2.2.1.1) of the PLLA-ND-ODA/PLLA composites: 
In contrast to a clearly visible Vickers imprint in pure PLLA (Figure 75 a), the imprint in a 10 
wt.% PLLA-ND-ODA composite is hardly visible (Figure 75 b), suggesting a significant increase in 
elastic recovery (Young’s modulus of the composite). To explain the observed improvement in 
mechanical properties of PLLA upon the addition of ND-ODA, two possible mechanisms can be 
considered. First, the improvement can be due to intrinsic high hardness and Young’s modulus 
of nanodiamond; secondly, the nanofiller could increase the crystallinity of the polymer matrix 
or change the properties of the interphase, which also translates into higher hardness and 
Young’s modulus of the composite. 
 
Figure 75: Comparison of Vickers indents on pure PLLA (c) and 10% ND-ODA/PLLA composite (d) 
provides a further evidence of a dramatic improvement in the elastic recovery of the ND-
ODA/PLLA samples. 
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4.2.2.1.4 Bulk properties measured in tension and compression 
 
Figure 76: a) Representative compressive and b) tensile stress-strain curves of 0-10 wt.% of 
PLLA-ND-ODA nanocomposites. 
Shown in Figure 76 a are representative stress-strain curves measured in compression 
tests. Table 4.5 summarizes the calculated apparent values for Young’s modulus and the 
measured compressive strength. The term “apparent” is used to address the noticeable 
difference in the modulus values calculated in compression and tension. The experimentally 
determined Young’s modulus of pure PLLA was found to be 4.4 GPa, which falls in the range of 
3.2-5.0 GPa, reported previously [262, 263]. While there was essentially no change in the 
compressive strength with the addition of ND-ODA, the modulus was improved. At a ND-ODA 
content of 10 wt.%, Young’s modulus increased to 5.4 GPa, a 22% increase compared to neat 
PLLA (Table 4.5).  
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Table 4.5: Mechanical properties of PLLA and PLLA-ND-ODA composites containing 1-10 wt.% 
ND-ODA measured using compression tests 
Sample Apparent modulus (GPa) Increase (%) Ultimate compressive strength (MPa) 
Neat PLLA 4.4 ± 0.4 0 118 ± 15 
1 wt.% ND-ODA 4.7 ± 0.5 7 114 ± 23 
5 wt.% ND-ODA 4.9 ± 0.4 11 117 ± 9 
10 wt.% ND-ODA 5.4 ± 0.5 22 116 ± 16 
Representative tensile stress-strain curves of the PLLA-ND-ODA nanocomposites are shown 
in Figure 76. The mechanical properties and calculated fracture energy values of the samples 
tested in tension are summarized in Table 4.6. The values for the apparent modulus and the 
ultimate tensile strength of the composites decreased compared to the PLLA matrix. Since there 
is no chemical bonding between PLLA and ND-ODA particles, the integrity of the 
nanocomposites is determined by physical interactions between the nanofiller and the polymer 
matrix. Even though the dispersion of ND-ODA in PLLA matrix is fairly uniform [264], small 
agglomerates (5-10 particles) may still be present, functioning as defects, thus effectively 
reducing the apparent modulus and the ultimate tensile strength. Samples for mechanical tests 
were prepared under the same conditions. However, due to the difference in sample geometry, 
thermal degradation may be more severe in the thin tensile samples; in addition, the thickness 
of the tensile samples (0.8 mm) was smaller (due to the mold used in the fabrication procedure) 
than the recommended thickness of 3.2±0.4 mm [265]. These factors might explain the 
difference in modulus measured in tension and compression. 
However, addition of ND-ODA resulted in a remarkable increase of the elongation to failure 
from ~5 % for the neat PLLA to ~19 % for the 10 wt.% PLLA-ND-ODA composite – a ~280 % 
increase (Table 4.6). Furthermore, a ~ 300 % increase in fracture energy over the neat PLLA was 
observed for 10 wt.% PLLA-ND-ODA nanocomposites (Table 4.6). Thus, the addition of ND-ODA 
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to PLLA helps to increase the fracture energy of the composites, while slightly decreasing the 
apparent tensile modulus as previously observed for toughened polymers. Taken together, the 
increased fracture energy measured in the tensile tests (Figure 76 b, Table 4.5) and a higher 
apparent modulus measured in the compression tests (Figure 76 a, Table 4.6) indicate that the 
introduction of ND-ODA to PLLA at concentrations of up to 10 wt.% significantly improves the 
bulk mechanical properties of the nanocomposites. The increase in apparent modulus measured 
in compression tests and its decrease measured in tension tests might result from different 
failure modes occurring in the nanocomposite, which will be further discussed in section 4.2.2.3. 
Table 4.6: Mechanical properties of PLLA and PLLA-ND-ODA nanocomposites containing 1-10 
wt.% ND-ODA, measured in tension 
Sample Apparent 
modulus (GPa) 
Ultimate tensile 
strength (MPa) 
Strain to 
failure (%) 
Fracture 
energy (J) 
Increase in 
fracture energy (%) 
Neat PLLA 3.1 ± 0.2 53 ± 2 5 ± 1 199 ± 39 0 
1 wt.% ND-ODA 2.8 ± 0.2 54 ± 2 8 ± 4 637 ± 77 220 
5 wt.% ND-ODA 2.9 ± 0.4 48 ± 3 14 ± 5 697 ± 18 250 
10 wt.% ND-ODA 2.7 ± 0.2 45 ± 2 19 ± 2 827 ± 26 316 
4.2.2.2 Dispersion of ND-ODA in PLLA 
The dispersion of ND-ODA in a solid PLLA matrix was studied using TEM microscopy of 
ultrathin sectioned samples (100 nm thick) containing 1, 3, and 10 wt.% ND-ODA (section 
3.1.2.4). At a concentration of 1 wt.% ND-ODA, low resolution TEM images (Figure 77 a) show 
small ND-ODA agglomerates, tens of nanometers in size. A further increase in agglomerate size 
is observed at higher concentrations (Figure 77 b, 3 wt.% ND-ODA and c, 10 wt.% ND-ODA), 
where the density (ND concentration within ND agglomerates, section 2.1.1.2.2) appears to stay 
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constant. Also, when the concentration was increased, interconnected particle chains were 
formed, connection ND-agglomerates (Figure 77 c). 
 
Figure 77: Low resolution TEM micrographs of PLLA-ND-ODA composite thin cross-sections 
show a uniform dispersion of small clusters of ND-ODA in the PLLA matrix at concentrations a) 1 
wt.%, b) 3 wt.% and c) 10 wt.%. No micron-sized aggregates are observed. At ND-ODA 
concentration of 10 wt.% and higher, an interconnected ND network is formed (Figure c). 
Since TEM imaging only gives limited information regarding the dispersion of ND within the 
entire PLLA composite, DLS measurements were performed, capturing the dispersion state of a 
large sample. However, DLS measurements can only be performed of solutions (section 3.2.3.4). 
Thus, agglomerate sizes of PLLA-ND-ODA composites with different concentrations of ND-ODA 
were measured after dissolving the composites in chloroform. 
The hydrodynamic diameter of ND-ODA after dissolving the PLLA-ND-ODA composites in 
chloroform were determined by dynamic light scattering (DLS) and is narrowly distributed 
around a maxima of 33 ± 3 nm for 1 wt.% PLLA-ND-ODA and 28 ± 2 nm for 10 wt.% PLLA-ND-
ODA composite respectively (Figure 78). Given the 5 nm diameter of primary ND particles, one 
could conclude that the sizes measured by DLS correspond to aggregates of >5 particles. 
However, it is important to note that the length of an ODA chain linked to ND is about a half of 
the diameter of an ND (2.5 nm, Figure 29 b, Figure 73), i.e. the diameter of ND-ODA primary 
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particles could be twice as large as a single 5 nm ND particle. Thus, the hydrodynamic diameters 
measured by DLS are likely those of small ND-ODA aggregates composed of just a few particles. 
DLS measurements and TEM micrographs converge to the conclusion that there is no strong 
agglomeration or phase separation of ND-ODA and PLLA in the composites up to, at least, 10 
wt.% of ND-ODA. Further studies are required to study the relationship between agglomeration 
of ND-ODA in PLLA composites and solutions. 
 
Figure 78: ND-ODA agglomerate size in PLLA/chloroform solution. Agglomerate size for ND-
ODA was measured after dissolving PLLA-ND-ODA composites containing 1 (curve 1) and 10 
wt.% ND-ODA (curve 2).  
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4.2.2.3 Reinforcing mechanisms 
To investigate reinforcing mechanisms of ND-ODA on PLLA, various measurements and 
analysis methods were applied. The following sections summarize reinforcing mechanism of ND-
ODA. 
4.2.2.3.1 Thermal properties of PLLA-ND-ODA composites 
The DSC curves of neat PLLA and PLLA-ND-ODA composites are shown in Figure 79 a. Data 
for neat PLLA agrees with published data [266], and shows typical features of semi-crystalline 
PLLA, such as glass transition (Tg), cold crystallization (Tc), and melting (Tm) [267]. Composites 
containing 1 wt.% ND-ODA have an increased Tg, Tc and Tm. However, the Tg and Tm decrease at 
ND concentrations above 1 wt.% (Figure 79 a). 
Glass transition temperatures (Tg), cold crystallization temperatures (Tc), and melting 
temperatures (Tm), calculated from DSC curves are summarized in Figure 79 b. Tc is increased 
from 96 °C to 104 °C in the presence of 1 wt.% ND-ODA, which implies that ND-ODA hinders 
crystallization of PLLA. Similar changes in Tc and Tm were observed in previous studies on alkyl-
functionalized ND-reinforced low density polyethylene [170]. In addition, calculated values of 
the heats of melting (ΔHm), cold crystallization (ΔHc), and the degree of crystallinity (%) of the 
nanocomposites are presented, being calculated by integrating the endothermic peaks of the 
DSC curves and are tabulated in Figure 79 b. 
The ΔHm decreases due to the addition of 1 wt.% ND-ODA and increases at higher 
concentrations of ND-ODA, while the ΔHc decreases at ND-ODA concentration of up to 1 wt.% 
and then increases for concentrations of up to 5 wt.% and decreases again. It was reported that 
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an uniformly distributed inorganic filler in a polymer can decrease crystallinity since the 
interactions between the filler and polymer restrict the mobility of the polymer chains and 
therefore hinder their transition to the crystalline state [268]. In section 4.2.2.2 it is shown that 
dispersion of ND-ODA in PLLA is fairly uniform for concentrations of up to 10 wt.% ND-ODA, due 
to the favorable interactions between the hydrophobic ND-ODA and PLLA. The results in Figure 
79 b show that although the crystallization temperature of PLLA is higher in the presence of ND-
ODA, addition of 1-5 wt.% of ND-ODA reduces the heat of fusion and crystallinity of the 
polymer, being in agreement with the published data [268]. On the other hand, at ND-ODA 
contents between 7-10 wt.% an increased crystallinity of PLLA was observed. These results are 
in agreement with the measured mechanical properties of PLLA-ND-ODA composites, where the 
rate of increase in Young’s modulus is higher in the concentration range of 7-10 wt.% than in the 
range of 1-5 wt.% (section 5.1.2), which can be attributed to the increased amount of crystalline 
PLLA. It can be speculated that ND-ODA induces reorganization and nucleation within 
amorphous regions of the PLLA matrix, which result in the transformation of PLLA from an 
amorphous to a crystalline state, as previously pointed out for various polymer matrices [184, 
185, 267]. 
We conclude that the addition of ND-ODA into the PLLA matrix has a profound impact on 
the crystallization behavior of PLLA: below 5 wt.% ND-ODA, the crystallinity is reduced; at 7-10 
wt.% ND-ODA, the crystallinity of PLLA is increased. This could be due to the opposing effects of 
the diamond core and the ODA chains of ND-ODA. At lower ND-ODA concentrations, the 
observed effect is predominantly due to diamond nanoparticles, which are uniformly distributed 
in the matrix (section 4.2.2.2), and reduce the crystallinity of the polymer. At higher 
concentrations of ND-ODA, the effect of the ODA chains, which can align themselves with PLLA 
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molecules and thus induce crystallization of PLLA, becomes more pronounced. Further studies 
are required to better understand these concentration-dependent effects of ND-ODA on the 
polymer crystallinity. 
 
Figure 79: a) DSC curves of neat PLLA and PLLA-ND-ODA composites with various 
concentrations. b) Summarized thermal properties of neat PLLA and PLLA-ND-ODA composites 
calculated from the recorded DSC curves. 
4.2.2.3.2 Nanodiamond induced crazing 
SEM and light microscopy were used to visually inspect the fracture surfaces of the PLLA-
ND-ODA composites after tensile tests (Figure 80 a-f) and to assess reinforcing mechanisms. 
Neat PLLA showed smooth fracture surfaces without noticeable plastic deformation, 
characteristic for the brittle nature of this polymer [186]. Addition of more than 1 wt.% ND-ODA 
to PLLA initiates crazing upon stretching of the samples (Figure 80 b). Crazing could also be 
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readily observed in an optical microscope (Figure 80 f); however, SEM analysis was required to 
reveal more details. Interestingly, submicron size fibers connecting the opposite sides of the 
forming cracks were observed in 10 wt.% PLLA-ND-ODA composites (Figure 80 e). These fibers 
were not observed in any other type of sample investigated in this work. Crazing, macroscopic 
deformation and formation of the fibers are all clear indicators of the transition from brittle 
(pure PLLA) to ductile failure. 
 
Figure 80: a) The fracture surface of pure PLLA shows brittle fracture without significant sample 
deformation. b) The fracture surface of a 1 wt.% PLLA-ND-ODA nanocomposite showing a less 
brittle fracture. Crazing is observed (pointed by arrow). c) The fracture surface of a 5 wt.% PLLA-
ND-ODA composite shows increased ductility. Fibers are formed at the fracture surface. d) The 
fracture surface of a 10 wt.% PLLA-ND-ODA composites shows large amounts of macroscopic 
deformation. e) SEM micrograph of a 10 wt.% PLLA-ND-ODA composite, showing fibers bridging 
crazing gaps. f) Crazing observed under optical microscope. 
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To better understand the mechanisms of the ND-ODA induced improvement of the 
mechanical properties of the PLLA matrix on the nanoscale, ultrathin sections were cut from the 
fracture regions of a 10 wt.% PLLA-ND-ODA sample after tensile testing and were inspected by 
TEM (Figure 81). The large interface area between the NDs and the polymer matrix plays a 
major role in the enhancement of the mechanical properties of the matrix [191]. Due to the 
good affinity between ND-ODA and PLLA, dispersion quality is improved resulting in a large 
interfacial area and the drastically increased fracture energy and tensile strain of the ND-ODA 
reinforced nanocomposites. TEM images show fibers connecting the opposite sides of crazes, 
containing ND-ODA particles (Figure 81 c, d), that could explain the increased fracture energy 
and strain to failure. These images also show that the fibers are formed in regions where NDs 
are present in the polymer. This observation made at the nanoscale confirms that ND initiates 
crazing, also observed at the macroscale, starting at ND-ODA concentrations of ~ 1 wt.% ND-
ODA (Figure 80 b,f). It was shown in previous studies that nanocarbons can initiate crazing in a 
polymer matrix by reducing entanglement of the polymer chains [269]. Addition of poly(epsilon 
caprolactone) (PCL) to PLLA also showed crazing formation in the crack-tip region, and 
formation of elongated fibrils and voids [270]. In those studies, the stretched fibril structures 
were formed as a result of elongation of PCL spherulites under high tensile stress. These 
nucleation sites were considered to be the primary energy dissipation mechanism that resulted 
in the improvement of fracture energy [270]. We hypothesize that crazing induced by NDs is a 
main reason for the increase in strain to failure and in fracture energy observed in PLLA-ND-ODA 
composites. 
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Figure 81: TEM micrographs of a 10 wt.% PLLA-ND-ODA composite after tensile testing. a, b) 
Crazes bridged by fibers. c, d) High magnification TEM micrographs showing typical pores and 
fibers bridging crazes in PLLA-ND-ODA composites. 
4.2.2.4 Effect of processing on the thermal properties of PLLA 
Previous studies report on a significant effect of processing and testing conditions on the 
degree of crystallinity of PLLA and PLA, effecting the mechanical and thermal properties of the 
polymer [271, 272]. In this work the bulk mechanical properties in tension and compression 
were tested (section 4.2.2.1.4). These tests require different specimen geometries. Thus, the 
thickness, length and width (diameter) vary. The difference in specimen geometry (different 
mold geometries) and processing conditions can result in different material properties. For 
example, compression and tensile testing molds were heated up to a temperature of 200 °C to 
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keep PLLA in its melted state. Due to the varying mold geometries, the temperature profile 
within the mold varies. To investigate the effect of the varying temperature profiles, DSC 
measurements were performed. DSC curves shown in Figure 82 compare the thermal 
properties of PLLA tensile and compression specimen with (Figure 82 a) and after removal of 
the thermal history (Figure 82 b). 
 
Figure 82: Thermal properties of PLLA being subjected to different processing routes. a) DSC 
curves showing the thermal history of the PLLA samples (cycle 1 of the DSC experiment). b) DSC 
curves of PLLA after removal of the thermal history (cycle 2). Significant differences in the 
properties of the polymer are observed. Higher crystallization and melting temperatures are 
measured for PLLA samples prepared for compression tests. 
DSC curves of tensile test specimen show typically features of amorphous PLLA (notice the 
sharp increase in heat flow, Figure 82 a). In contrast, DSC curves for PLLA compression test 
specimen show a typical curve of a more crystalline PLLA [273]. Increased crystallization and 
melting temperatures are observed for compression test specimen as well (Table 4.7). Also, the 
degree of crystallization is about 5 % higher for compression test specimen, being one possible 
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explanation for the observed differences in Tg, Tc, and Tm. This observation is further confirmed 
when comparing calculated values of the crystallinity (χ) of the PLLA specimen (Table 4.7). It 
should be noted that crystallinity calculations are based on the heat of fusion value of a 
perfectly (100%) crystalline PLLA sample (ΔH =93.7 J/g [274]). 
Consecutive DSC scans with removed thermal history of tensile and compression PLLA 
specimen are shown in Figure 82 b. Calculated Tg, Tc and Tm temperatures and the amount of 
crystalline PLLA are almost identical for both specimen. 
These results underline the importance to consider processing procedures and parameters. 
Even when using constant processing conditions, differences such as specimen geometries can 
influence the polymer properties. In the context of this study these results might explain the 
observed differences in bulk mechanical properties of samples tested in tension and 
compression (section 4.2.2.1.4). It can be concluded that the material properties and processing 
conditions need to be considered when producing ND-PNCs. 
Table 4.7: Thermal properties of PLLA after being exposed to different processing routes 
Sample 
T
g
 
(˚C) 
T
c
 
(˚C) 
T
m
 
(˚C) 
ΔH
c
 
(J/g) 
ΔH
m
 
(J/g) 
ΔH
o
=ΔH
m
-ΔH
c
 
(J/g) 
χ (%) 
PLLA (tensile) run1 67 106.7 180 69.7 93.8 24.1 25.7 
PLLA (compression) run1 n/a 108.1 189 8.9 37.1 28.2 30.1 
PLLA (tensile) run2 66 107 181 82.1 109.8 27.7 29.6 
PLLA (compression) run2 67 109 181 17.9 45.7 27.8 29.7 
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5 Discussion 
5.1 Mechanical properties of polymer-nanodiamond composites 
5.1.1 Epoxy-nanodiamond composites 
The mechanical properties of epoxy were improved using as received and aminated ND-NH2 
(sections 3.1.2.1 and 3.1.2.3). The averaged Young’s moduli for composites prepared with as 
received ND are compared in Figure 83. At low concentrations of ND, no change or even a slight 
decrease in Young’s modulus is observed. This can be explained by agglomerates containing 
entrapped air, thus acting like voids in the epoxy matrix (Figure 51), underlining the importance 
of improving the dispersion of nanofillers. At 12 vol.% ND, the modulus increases (Figure 83), 
where composites with higher concentrations follow the Lewis-Nielsen model that is assuming 
no slippage between the filler and polymer matrix. Thus, it can be concluded that attractive 
interactions between as-received ND and epoxy exist, resulting in a higher Young’s modulus 
(Lewis–Nielsen, no slippage in Figure 33 and Figure 83) than an interface that is dominated by 
repulsive interactions between the polymer and filler (Lewis–Nielsen, slippage in Figure 33) 
[41]. A possible explanation for the formation of a strong interface between as-received ND and 
the epoxy matrix is the reaction of hydroxyl groups, present on as received ND, and the epoxy 
groups from the used epoxy system. 
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Figure 83: Comparison of calculated (Lewis-Nielsen prediction) and experimental determined 
Young's modulus of epoxy-ND (as received) composites as a function of filler loading (vol.%). 
The most remarkable conclusion form these nanoindentation tests is the significant 
improvement in Young’s modulus for composites with high contents of ND, which follow the 
predictions based on the Lewis–Nielsen model (section 4.1.1.1, Figure 83). Determined Young’s 
moduli values of up to 30 GPa for composites containing 50 vol.% ND show that it is possible to 
produce composites with ND that have stiffness values of metals and alloys rather than 
properties of polymer composites (Ashby plot, Figure 84). This new material has a high 
potential as new generation coating material. In this context, its ability to improve thermal and 
tribological properties is of interest (sections 4.1.3.3 and 4.1.5.). 
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Figure 84: Ashby plot of various materials. ND-epoxy composites with ND contents of 50 vol.% 
have properties that are comparable to metals and alloys rather than polymers. This new kind of 
material might find applications in coating applications. 
Furthermore, it can be concluded that ND has diamond properties since calculations based 
on the Lewis-Nielsen model assume diamond properties, being in good agreement with the 
experimentally determined results. Also, values measured on the composite containing 50 vol.% 
ND can be used as an estimation for the properties of ND-agglomerates. A value of 32 GPa was 
assumed as a first estimation for the properties of ND-epoxy agglomerates being a required 
input for the MHM model used in section 4.1.1.2. 
When comparing results of composites produced from as received and aminated ND-NH2 
the advantage of using ND-NH2 becomes clear: improved dispersion (section 4.1.4.1) results in 
increased Young’s modulus at any stoichiometry and filler content (section 4.1.4.3.1). 
Furthermore, fracture toughness is increased, showing the potential of this material (section 
4.1.4.3.3). Probably, the most remarkable result is, that ND-NH2, when used in high enough 
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concentrations can cure an epoxy (section 4.1.4.3.1 and 4.1.4.3.2). This feature allows for the 
design of new nanocomposites. 
5.1.2 Poly(L-lactic acid)-nanodiamond composites 
To investigate the effect of surface functionalization of ND on the mechanical properties of 
PLLA, nanocomposites containing ND (UD90 (as received), section 3.1.2.1) and ND-ODA (section 
3.1.2.4) were prepared. The Young’s modulus of PLLA-ND nanocomposites as a function of 
ND/ND-ODA content were measured using nanoindentation (section 4.2.2.1.1). For comparison 
the Lewis-Nielsen model was applied (section 2.1.1.2.1). It should be noted that this model is 
optimized for a two phase system, only considering the interface and not potentially nanofiller 
induced interphases (section 2.1.1.2.1). To model PLLA-ND nanocomposites Young’s moduli of 
2.6 for PLLA and 1220 GPa for ND were assumed. 
Experimental and computational results, calculated using the Lewis-Nielsen model (section 
2.1.1.2.1), are compared in Figure 85. Calculated Young’s moduli slightly increase with 
increasing ND concentration (Figure 85; green line). Similarly, experimental results of PLLA-ND 
nanocomposites containing as received ND (Figure 85; red data labels) follow these predictions. 
The formation of an interphase between as reveived, hydrophilic ND (section 3.1.2.1), and the 
hydrophobic polymer matrix is not expected, explaining the coinciding experimental and 
calculation based results. 
A rather different behavior is observed when using ND-ODA. Upon the addition of 1 wt.% 
ND-ODA an unexpected jump in Young’s modulus from 2.6 ± 0.1 GPa to 5.3 ± 0.2 GPa was 
measured that contradicts the calculations based on the Lewis-Nielsen model (Figure 85 a, b). A 
possible mechanism is the anchoring between ND particles/agglomerates and the PLLA matrix 
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[216]. In the case of an anchored network, models considering a homogenous iso-stress 
condition (section 2.1.1.2) are not valid and could explain the difference between experimental 
and theoretical results. 
Increased Young’s moduli of PLLA due to an increased crystallinity were reported previously 
[217]. Thus, to clarify if the degree of crystallinity can explain the significant increase in Young’s 
modulus and measure thermal properties of PLLA-ND-ODA composites, DSC measurements 
were performed. Results are presented in section 4.2.2.3.1. Interestingly, crystallinity does not 
increase due to addition of 1 wt.% ND-ODA and can thus be excluded as the mechanism for the 
initial increase in Young’s modulus. 
At the same time thermal properties (Tm, Tc, Tg) were increased (section 4.2.2.3.1), probably 
resulting from a change in the molecular structure of PLLA, for example resulting from the 
formation of an interphase. This assumption is further supported by a recent study on 
polyethylene-ND nanocomposites containing ND functionalized with hydrocarbon chains with 
varying chain lengths [170]. In agreement with the work here, an initial increase in Young’s 
modulus at ND concentrations below 1 wt.% is reported. Larger improvements are obtained 
with an increasing grafted hydrocarbon chain length. The rate of increase in normalized Young’s 
modulus for polyethylene-ND (functionalization with ethylhexyl) nanocomposites is 1.01. This 
values agrees with the one measured in this study: 1.03 (Figure 85 b). Thus, it can be concluded 
that the length of the selected functionalization has a direct effect on dispersion, and thus on 
the resulting Young’s modulus of the nanocomposites. This result is further supported by 
computational results presented in section 4.1.1.2, stating the importance and potential of even 
slightly increasing the dispersion of nanofillers. 
The Young’s modulus increases further when increasing the concentration of ND-ODA above 
1 wt.%. However, the rate of increase in the concentration range of 1-5 wt.% is significantly 
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lower when compared to the one in the range of 0-1 wt.% (Figure 85 a, b). This observation 
might be explained by agglomeration of ND particles at higher concentrations, as also suggested 
by Jee et al. for the Polyethylene-ND nanocomposites [170]. The degree of crystallinity in the 
concentration range of 1-5 wt.% was slightly decreased, which can be explained by a restricted 
mobility of the polymer chains hindering their transition to the crystalline state (section 
4.2.2.3.1). 
For ND-ODA concentrations in the range of 7 to 10 wt.% ND-ODA, the rate in Young’s 
modulus increase is higher (Figure 85 b). Also, the amount of crystalline PLLA is increased 
(section 4.2.2.3.1). As mentioned above, Young’s modulus of crystalline PLLA is higher. Thus, ND-
ODA induced crystallinity can explain the higher rate of Young’s modulus increase. The observed 
decrease and increase in crystallinity with increasing ND concentrations was reported before 
[170] and is discussed in more detail in section 4.2.2.3.1. 
 
Figure 85: a) Comparison of Young's moduli of PLLA-ND/ND-ODA nanocomposites calculated 
using the Lewis-Nielsen model and experimental data determined using nanoindentation. b) 
Experimentally measured and normalized Young’s moduli as a function of ND content. A 100 % 
improved Young’s modulus is achieved upon the addition of 1 wt.% ND-ODA. A slope of 1.03 is 
observed at filler concentrations ≤ 1 wt.% ND. 
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5.2 Comparison 
Comparing the results obtained for the different polymer matrices leads to several 
conclusions. First, ND improves mechanical properties of various polymer matrices (Table 5.1). 
The degree of improvement depends on various factors, but can in most cases be attributed to 
two key parameters besides the volume content of ND: first, the state of dispersion and second, 
the properties and amount of the nanofiller induced interphase. The latter effect depends to a 
large extent on the selected surface functionalization of ND. 
For all polymer systems, good dispersion is essential to obtain significantly improved 
mechanical properties, as confirmed by computer modeling used in this work (section 4.1.1.2). 
This effect was experimentally confirmed for an epoxy matrix, where at low concentrations 
the Young’s modulus was decreased, explained by poor dispersion and agglomeration of ND 
(section 4.1.3.2.1; Table 5.1). When using aminated ND-NH2 dispersion and the interface were 
improved, resulting in increased Young’s modulus, emphasizing the importance of selecting an 
appropriate surface functionality for ND (Table 5.1). 
When using ND-ODA in a hydrophobic, thermoplastic polymer matrix (PLLA) dispersion was 
good and Young’s modulus was significantly improved even at low ND-ODA concentrations (0.4 
vol.%, Table 5.1). At high ND-ODA concentrations a self-assembled network was observed 
(section 4.2.2.2). The rate of increase in Young’s modulus for this polymer matrix is significantly 
larger than for any other polymer system studied in this work. This can be explained by the 
formation of an interphase, induced by ND-ODA. Comparing experimental results with model 
based calculations confirms this hypothesis: While epoxy-ND and PLLA-ND (as received ND was 
used for both composites) follow the trends predicted by the model, suggesting almost no 
interphase formation, PLLA-ND-ODA composites significantly deviate from these predictions. 
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Young’s modulus was improved by ~ 100 % due to the addition of 0.4 vol.% ND-ODA, a only 8 % 
improved Young’s modulus was measured for the composite prepared with as-received material 
(Table 5.1). A similar improvement was reported for a polyethylene-ND polymer composites, 
reinforced with ND functionalized with hexyl (hexane = C6H14), where a correlation between 
Young’s modulus and the chain length of the grafted hydrocarbon was observed. Further studies 
are required to clarify if the same effect is observed for polymer matrices used in this work. 
Table 5.1: Comparison of the reinforcing effect of different ND materials on various polymer 
matrices 
Nanodiamond (functionalization) Polymer matrix Change in Young’s modulus 
ND (as received); 4 vol.% Epon828/PACM ~ - 30 % 
ND (aminated); 7 vol.%  Epon828/PACM ~ + 25 % 
ND (as received); 75 vol.% Epon828/PACM ~ + 800 % 
ND (aminated); 30 vol.% Epon828/ --- ~ + 400 % 
ND (as received); 0.4 vol.% PLLA ~ + 8 % 
ND (ODA functionalized); 0.4 vol.% PLLA ~ + 100 % 
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6 Summary and Conclusions 
• ND can improve various properties of polymers. 
• Epoxy-ND composite Young’s modulus and hardness were increased by up to 800 and 400 
% respectively (ND content of 50 vol.%), when compared to neat epoxy. At the same time 
scratch resistance is improved. 
• Experimental results follow predictions based on the Lewis-Nielsen model which assumes 
diamond Young’s modulus for ND. Thus, it is concluded that ND has Young’s modulus of 
diamond. 
• ND-agglomerates severely scratched an alumina counterbody, indicating a high hardness of 
epoxy-ND agglomerates. These agglomerates have the potential to be used instead of 
micron-sized diamonds or ceramic abrasives that are currently used in industrial 
applications for sawing, grinding, and polishing. 
• The tribological performance of epoxy-ND/ND-NH2 composites was significantly improved: 
The macroscale wear resistance of composites containing 4 and 7.5 vol.% ND was 
significantly improved over neat epoxy. Average friction coefficients were reduced by a 
factor of 4 due to the addition of 7.5 vol.% ND. Epoxy-ND–NH2 composites containing 33 
vol.% ND–NH2 have a friction coefficient of 0.08 ± 0.02 in nanoindentation sliding tests, the 
lowest value measured in this study, coming close to values reported for carbide-derived or 
diamond-like films. AFM scans suggest covalent incorporation of ND–NH2 particles that 
might be responsible for the excellent performance of epoxy-ND–NH2 composites. 
• Aminated ND-NH2 can cure epoxy resin. Due to the large number of grafted amino groups 
per nm2 in combination with its small particle size an amine equivalent weight of 155 g/mol 
172 
 
 
was obtained. This feature allows to design a new class of PNCs. 
• Both, stiffness and fracture toughness of epoxy were improved. Key to achieve these 
improvements is to select an applicable surface chemistry of ND. For epoxy, aminated ND 
was used. 
• For the first time the surface of ND functionalized with octadecylamine was probed using 
AFM. Presence of long hydrocarbon chains on ND-ODA was confirmed. 
• Small addition of ND-ODA (0.4 vol.%) result in high increases of mechanical properties: ~ 
100 % increase in Young’s modulus and a ~ 300 % increased hardness were measured. 
• High contents of ND-ODA (10 wt.%) result in further increased properties: An order of 
magnitude higher hardness, a 300 % increased Young’s modulus, and reduced creep were 
measured. These dramatically increased mechanical properties are attributed to the 
formation of an interphase, induced by ND-ODA. 
• Besides the increase in stiffness, a 280 % increase in the strain to failure and a 300 % 
increase in fracture energy compared to neat PLLA were measured. As a reinforcing 
mechanism, crazing, induced by ND-ODA was identified. 
• This work confirms that dispersion of ND can be significantly improved by functionalizing 
nanofillers. It was shown that dispersion of ND functionalized with octadecylamine for a 
PLLA matrix, or ethylenediamine for an epoxy matrix, was significantly improved when 
compared to as-received ND. 
• Multifunctional polymer-ND composites were produced. In addition to improved Young’s 
modulus and hardness, fracture toughness, friction coefficients, UV-absorption, thermal 
conductivity or wear resistance can be improved. 
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7 Outlook 
Since this work gives new insights on polymer-ND nanocomposites and ND, there are 
various questions and challenges that need to be answered and overcome in future studies. The 
following approaches are likely to result in further progress in these fields: 
• The key for further improvement of mechanical properties of polymer-ND composites is to 
further improve dispersion. First, applicable processing techniques that should apply high 
shear forces need to be selected or developed. Secondly, the surface chemistry of ND needs 
to be further developed. For applications in epoxy, functionalization with long chain 
diamines is suggested. Properties of PLLA-ND composites can be further improved by 
grafting even longer hydrocarbons to ND. 
• Polymer-ND composites with mechanical properties close to those of diamond might be 
obtainable by infiltrating ND bodies with highest packing densities with an applicable 
polymer. 
• To explain the significant increase in mechanical properties of PLLA-ND-ODA composites 
with low ND-ODA contents, the interphase of PLLA-ND-ODA composites needs to be further 
studied. 
• Colloidal, aqueous ND solutions obtained via salt assisted milling can be used to produce 
nanocomposites with excellent dispersion states. For example, polyallylamine can be 
dissolved in these aqueous solutions and processed using electrospinning. 
• ND material with a narrow particle size distribution and well defined surface chemistry 
should be used as a precursor material for functionalization. This optimized ND material can 
increase selectivity and grafting density of the desired functionalizations. 
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• Combining various carbon nanomaterials in polymer matrices can result in multifunctional 
composite materials. Interactions between the different nanocarbons are expected to result 
in an improved dispersion. 
• Development of multilayered PNC materials holds great promise: Laminate structured PNCs 
can have direction dependent properties. For example: OLC can be used to produce an 
electrically conducting layer, while ND particles can improve the stiffness and thermal 
conductivity of another layer. 
• The reinforcing effect of single dispersed ND particles, when available, needs to be explored. 
• Composites that are produced in a “grafting-from” approach hold great potential and need 
to be researched. 
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Appendix A: List of abbreviations 
AFM Atomic force microscopy 
CNT Carbon nanotube 
DLS Dynamic light scattering 
FEM Finite element modeling 
HV Vickers hardness 
MHM Micromechanics homogenization method 
ND Nanodiamond 
PAN Polyacrylonitrile 
PLA Polylactic acid 
PLLA Poly-(L-lactic) acid 
PNC Polymer nanocomposites 
PVA Polyvinyl alcohol 
TEGDMA Triethylene glycol dimethacrylate 
TEM Transmission electron microscopy 
THF Tetrahydrofuran 
FTIR Fourier transform infrared spectroscopy 
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